Tre eee™ eter pr pa ter at 


Lahn me IE Taha Bah oaly 


shia ba ren aa 
waehootentn 
Sex ah Aas nn oi) pant weno eae 
satiho Galt nay t> eats neon 
tim 


Italo ten 
= fa othe teeth te Fon 
mans Rh NARA hnitoiinat - cing idaeehonet 
(tata ehh etter ha ‘ wt ete evi 
: i an belie w Bictinjowiteathotte sa hea 
: Nhe inate ste Bie fin nda rh ny 
Se ee ee 


ecg 
Ra pam 


deecsnenh v ateaToeren Stes 
a 
Sees 
phate aE oe! 


leet tere Hee nae te 


ran done a 
ers 


(eFomaX pte 
ne Ss amie 


Po eee an an 


coelieinb hate 
Lint ise Ss 


pay fing be Ve Ve ig rai 
a th arth Ain a 


eR So 


had ater ak naw he! 


ole tatoo: 


= 
E 
s 
: 
5 
= 
? 
g 
: 


eee ain) 


maya 


The University of Alberta 
Printing Department 
Edmonton, Alberta | 
FO” i a EO a Si ge 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Garfield1973 


TRE Fei ree i ¥Ore) « seeee 


yee (ae 


DECREE if? @ 


YEAR THI® O07 


iM oeres 


|S ee 


fohe tee URN Sa eR Sat De Yee Och Alc B Reka eA 


RELEASE FORM 


GANG are NTNTER ROBERT F.. GARFIELD 


TITLE OF THESIS . ULLRASTRUCTURAL ASPECTS OF SODIUM TRANSPORT 


eoeceeeer eee eee ere eee eee eee eee eee ewe eee eee ee ee 


DEGREE FOR WHICH THESIS WAS PRESENTED . nee... eee. 
VEARVIHIS DECREE GRANTED 4.800044!) 0... aa. ewasene 
Permission is hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this 
thesis and to lend or sell such copies for private, 
scholarly or scientific research purposes only. 
The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may 
be printed or otherwise reproduced without the author's 


written permission. ‘ib aca 


> 
~ 


Pea teehee ewer ee 


: 7 > Pei Gal am . A 
dee awit ae beeks vane rates epee ee rey 7 
; . é 


seta we ree eee ee dees Si pune wane te ee mveaiease en ; 
cecsvceserseee f@9., qanMmeaRT 2aw 2zeaiT ATHY AOT anAO30 -_ 
cccuevenees, NOE. sRIMD, aarrxano waaDtd 2THT RABY ’ 


90 YUTESSVIMU ABT oF beraerxg ydstoil ek ovleutmres 


aida is aviqoo signie soubor 


THE UNIVERSITY OF ALBERTA 


ULTRASTRUCTURAL ASPECTS OF SODIUM 
TRANSPORT IN RAT MYOMETRIUM 


BY 


(C) ROBERT E. GARFIELD 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 


DEPARTMENT OF PHARMACOLOGY 
EDMONTON, ALBERTA 
eR EES 


eteait A 
niet ee Se 3G YTIUOAT BHT OT GaTTIMAUE 


2TWAMIAYUNAA BHT 70. TH3MIETIUT JALTRAS. HT 
VAIOZOJTHS: AO AOTIOG 30 338030 BHT A097 | 


UNIVERSITY OF ALBERTA 
FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and re 
_commend to the Faculty of Graduate Studies and Research, for accep- 
tance, a thesis entitled Ultrastructural Aspects of Na” Transport 
jin Rat Myometrium, submitted by Robert E. Garfield in partial fulfil- 


ment of the requirements for the degree of Doctor of Philosophy. 


om tne wy diag! gots Jee) 93 ioe Baaghevetiy, 2 
geome vob A NeREA live aime ots ines FO OT uaUT ony oo bila ’ 


sragenceT "gh be proeuis fperie saya . baigrons ‘ean e@ 
PPV YD Toltesg a) els) Wet) GF! reedor ga, Dots tad any) ier 


ae ee 


. 


TO JOSETTE, JOHN AND PATRICIA 


-iv- 


ae ae eee . 
rere Jur 
A ee 


AYOLATAT OWA WHOL .37TS20b OT 


Abstract 


Membrane vesicles have been proposed as sites for volume 
control in rat uterine smooth muscle (Daniel and Robinson, 1971c). 
To test the vesicular hypothesis, the ultrastructure and Na’, kK", 
ATP and H20 contents of rat uterine smmoth muscle were examined 
after various treatments with metabolism and transport inhibitors. 
Metabolic inhibition with iodoacetate (IAA) plus dinitrophenol (DNP) 
or IAA alone produced ATP depletion and reduced the number of mem- 
brane vesicles with associated changes in cations and water contents. 
Effects of DNP alone and ethacrynic acid were also studied. Inhibi- 
tion of Na’-K’-ATPase with ouabain caused K” loss unequal to Na 
gain and water loss from tissues. Large intracellular vesicles were 
found after ouabain treatment. Tissues made Na --rich in the cold 
had approximately one-half as many vesicles as fresh tissues. Re- 
warming of Na’-rich tissues, under conditions which Na’-K’-ATPase 
was inhibited, increased the number of vesicles and the tissues 
lost Na* and H,0. The changes observed on rewarming of Na’-rich 
tissues were Ca’ ’-dependent and were not specifically stimulated 
by Na” (Kae but not Ci would substitute for Na’). Thus, membrane 
vesicles of rat myometrium have the following characteristics in 
common with the volume pump: (1) Both are ATP dependent. (2) 

Both are reduced in the cold and both increase upon rewarming 
under conditions thought to inhibit Na-K-ATPase. (3) Both are 
Ca’ ’-dependent. (4) Neither is specific for Na’. This evidence 
supports the hypothesis that membrane vesicles are sites of vol- 
ume control in rat myometrium. 


Pyroantimonate has been widely used as a histochemical 
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tool for the localization of tissue Na’. Because of its possible 
usefulness in localizing Na*-transport sites in myometrium, the 
pyroantimonate technique was evaluated. Fresh, Na’-rich and Na’ - 
poor rat uterine tissues were fixed in 0sO, with and without added 
pyroantimonate; then washed and dehydrated as for electron micro- 
scopy. At each step both tissues and solutions were analyzed for 
Na’, K" 0a & and Ma" which precipitate with pyroantimonate. 
Tissues fixed in the presence of potassium pyroantimonate con- 
tained very little of their original Na” but retained increased 

Kr and much of their Cale and Mg’, which could account for much 
of the precipitate observed in tissues. ie and Se risatt ae 
monate were used to confirm that pyroantimonate does not quanti- 
tatively precipitate tissue Na’. Thus, the pyroantimonate tech- 
nique is not a valid tool for localizing Na’ -transport sites in 
the uterus and it should be abandoned for use in other tissues un- 
less they can be shown to behave differently. 

In initial studies of rat myometrium fixed by immersion 
in glutaraldehyde, two populations of cells were observed in the 
electron microscope. Cells of the minority population were less 
densely stained and lacked membrane vesicles (termed light cells) 
as compared with the majority of cells (termed dark cells). A por- 
tion of this thesis was designed to define the nature of these two 
types of cells since, according to the vesicle hypothesis, cells 
without vesicles should be unable to maintain their volume. It was 
concluded, after various treatments, that light cells were cells 
injured during or after removal of the tissues from the animals. 
The absence of vesicles and density of the light cells could be 


related to the loss of volume control caused by the injury. 
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CHAPTER 1 


GENERAL INTRODUCTION 


CHAPTER 1 


GENERAL INTRODUCTION 


A. Introduction to Thesis Project 


Studies on the distribution of sodium and potassium ions in 
smooth muscle have indicated that these ions are not simply distrib- 
uted between cellular and extracellular regions (see Goodford, 1965; 
Daniel and Robinson, 1970; 1971a,b,c). Among the regions in smooth 
muscle tissue which could participate in ion compartmentalization are 
fixed anionic sites on the outer surface of smooth muscle cells (Good- 
ford, 1968; 1970). Goodford et al. (1968) postulated that the membrane 
vesicles of smooth muscle cells could serve as areas of Na” accumula- 
tion and transport. According to this hypothesis, the flat negative- 
ly charged plasma membrane invaginates to form vesicles by an ATP- 
dependent mechanism as shown in Figure 1. The formation of spheri- 
cal vesicles brings the charges on the surface closer together and 
thus increases the charge density within the vesicle. This high con- 
centration of negative charges attracts cytoplasmic Na* through the 
selectively permeable vesicular membrane. Once formed, according 
to Goodford's calculations, the vesicles are capable of accumulating 
up to 900 mM cytoplasmic Na” based on vesicle size and charge density 
on the membrane. When the negative charges within the vesicles are 
balanced by Na’, the vesicles open to the extracellular space, the 
charge density decreases and Na" escapes accompanied by water move- 


ment. The negative charges on the flat membrane are balanced by di- 
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Figure 1. The vesicular model 


Steps 1 and 2 represent the ATP-dependent formation of 

a spherical vesicle (b and c) from the flat negatively 
charged membrane (a) which separates the cytoplasm (ICS) 

from the extracellular space (ECS) and at which the transport 
ATPase (8) is located. Once formed (c), the vesicles fill 
with Na” by: 1) the ATP-dependent ATPase (Daniel and 
Robinson, 1971c) and 2) their selective permeability to 


Na" (Goodford et al, 1968). 


Steps 3 and 4 represent the discharge phase. Na’ is bound 
within the vesicles at the negatively charged sites (d). 

To maintain electroneutrality Cl moves out or potassium 

moves into the cell (d) after Na’ is bound. Some water 
follows Na’ into the vesicles and some water moves out of 

the cell across the flat membrane after binding. The vesicles 
open (perhaps due to a Ca’ ’-dependent contractile system 
around the vesicles (AW) Rangachari, 1972) and the bound Na* 
exchanges for monovalent and divalent cations in the extra- 


cellular space (e). The curved vesicular membrane becomes 


part of the flat membrane again (f). 


A Vesicle formation 


Step3 
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valent cations. 

Evidence to support the concept of superficial anionic sites 
on smooth muscle cells has recently been presented by Goodford and 
Wolowyk (1972). They found that electron dense, positively charged 
uranyl ions bound to the external surface of the plasma membrane of 
glutaraldehyde-fixed tissues. The affinities of cations for the sites 
were Ca” = Mg’ << Kk" < Na’, as determined by the ability of these 
cations to decrease uranyl precipitate at the cell surface. 

Daniel and Robinson (1971a,b,c.) extended the vesicular 
hypothesis in studies of uterine smooth muscle. They found two 
exchangeable cellular fractions of 22Na in efflux studies. One frac- 
tion of *7Na efflux was found to be relatively fast, the other slow. 
22Na in the fast fraction was believed to be 72Na emerging from cells 
via the membrane vesicles. The slow cytoplasmic fraction was thought 
to be 7?Na leaking out across the flat portion of the plasma membrane. 
They found that the efflux of *7Na from the fast fraction was reduced 
but not eliminated by the inhibition of transport ATPase with ouabain. 
The component of *?Na extrusion which persisted in the presence of 
ouabain was diminished by ATP depletion. Daniel and Robinson (1971c) 
postulated that ATP was necessary for : (1) the formation of spher- 
ical vesicles and (2) the selective accumulation and binding of Na” 
within the vesicles as postulated by Goodford (Figure 1). Thus, accor- 
ding to Daniel and Robinson there were two ATP-dependent mechanisms 
for Na’ extrusion both by way of the vesicles: (1) the extrusion 
of Na* by the ouabain-insensitive, but ATP-dependent, formation of 


vesicles and binding of cytoplasmic Na” at anionic sites within the 
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vesicles and (2) Pretextrucioh of Na” by a ouabain-sensitive trans- 
port ATPase associated with the vesicles. Daniel and Robinson 
(1971c) considered that Na’ bound within the vesicles exchanged 
for extracellular cations when the vesicles opened to the exterior. 
Evidence that a second (ATP-dependent but ouabain-insensi- 
tive) mechanism is involved in Na* transport comes from the quantita- 
tive differences between the effects of metabolic inhibitors and the 
effects of inhibitors of the transport ATPase (Daniel and Robinson, 
1971a,b,c). Accordingly, if only one mechanism were involved both 
ATP dpeletion and inhibition of the system with ouabain (or K*-free 
solutions) should produce the same effects. However, inadequacies 
in the concept of a single regulatory mechanism were noted as follows 
(Daniel and Robinson, 1970; 1971 a,b,c): (1) ATP depletion with met- 
abolic inhibitors caused the expected downhill ion movements of Na* 
and Ka and resulted in swelling of tissues. (2) The inhibition of 
transport ATPase with ouabain produced downhill ion movements but 
the tissues did not swell, in fact, they decreased in water content. 


(3) Analysis of 22 


Na efflux from uterine tissues showed there were two 
ATP-dependent systems involved, only one of which was ouabain-sensitive. 
In addition to a transport ATPase, a second Na” -pump has been 
proposed for other tissues such as red blood cells (Hoffman, 1966), 
kidney (Kleinzeller and Knotkova, 1964; Whittembury and Fishman, 1969) 
and skeletal muscle (Leblanc and Erlig, 1969) based on the ability of 
ouabain to inhibit only part of Na’ extrusion. The ouabain-insensitive 


system in kidney was postulated to be an electrogenic Na-Cl pump which 


controls cell volume (Whittembury, 1968; Whittembury and Fishman, 1969). 
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In red blood cells, more recent evidence indicates that the ouabain- 
insensitive system involves a Na*-Na~ exchange process (Smith et al., 
1972). 

Ethacrynic acid, which was originally thought to selectively 
inhibit the ouabain-insensitive system in other tissues (Hoffman, 1966; 
Whittembury, 1968; Leblanc and Erlig, 1969), did not appear to pro- 
duce volume changes by inhibiting the volume pump directly in smooth 
muscle but instead inhibited it indirectly by interfering with meta- 
bolism (Daniel et al., 1971d). Similar conclusions on the mechanism 
of action of ethacrynic acid on kidney were reached by MacKnight (1969). 

Daniel and Robinson (1971c) showed that whole uterine tissues 
made Na’-rich by incubation in a Na’-rich, K"-free medium in the cold 
and then rewarmed in the same solution lost Na” accompanied with water 
by an energy dependent mechanism. Rangachari (1972) and Rangachari 
et al. (1972) confirmed and extended Daniel and Robinson's work on Na*- 
rich myometrium. They found that the loss of weight from Na’-rich 
tissues into K*-free solutions was accompanied by a contracture and 
was inhibited by substances such as isopropylnoradrenaline, papaverine, 
iodoacetamide (IAAmide) and Ca’ *-free solutions which prevented contrac- 
tures of the tissue. Rangachari (1972) proposed that Na*-rich tissues 
bound Na’ within the vesicles in the cold. Upon rewarming, a contrac- 
tile mechanism, located either around the vesicles or between the ves- 
icles on the flat portion of the membrane, shortened to open and dis- 
charge the vesicle contents (Figure 1). Agents which interfered with 
the contracture were thought to inhibit the contractile process in 


vesicle discharge. 


yfavigosts2 ot fdpwans yf fertotro 26w dotiw . bids stavizehs3 vie ie 

vaael .namtton) esuzzit veto af meteye svistensent- -ntedsuo ond sata 
~org of ye8qqs Jon brb .(eaer -pttsd bas onsided -Baef Svinte FAW 
ftoome nt yftasvtb qmiq smulov ans patstdidat Te ezopnerns stu Tov saub 
-eam Hitw pntvetrotat ya vfdooutbnt tt battdtdnt bestent dud waa 
metisdoem 9h¢ do enoteulonos tefimre .(bISOl ..35 os ratnsd) metfod 


(98°F) tiprn¥osM yd bsrlose7 svow ysnbry no bto6 stavros. to nortos to - 
asvzets ontvatu Ssforw sand bowore (afer) noantdon brs fstned 
bios sd nt mui bam gant- ¥ cdot” Bl 6 ni motteduont yd dofy- sh obem 
yadew “idhw barnsqmooon * 3M teol notzulo2 smez od? nf bentiewov aodt bas 
Fraviospnad bne (SV@l) trsdosped .metnadosn Snabasqab Yptans as vd 
a Ho Siow 2'noznidof bas fetnsd bebnesxs bis beanttio> (Svef) ts te : 
doin" at mont tretsw to 2eof oft Jans bavot yonT .mutytomoym ate ; 
brs swuizsiinos 6 yd betrsamooos 24w enottuloe agit-"% odnt zoueet? 7 


.sarvavegsq ,satfanatbstonlyqoiqoe: 28 dove esonstcdue yd bestdtint eew 
-~8%in02 bernsveg Motdw enot tufoz gavt- 5) Gas (SbimAAr) abtmadSasobot \ 
savestd dotn~' si send baeogh (S\@l) trysdaspnsh .suzett edt to 2onut 
-D6INOD 6 . Piri TaWSs foal -bT03 sdt at estatesy snd ntadtw * Ey bud 

-e5y ond noawiod 10° 2ofotzsv att bruors yeltts hetssof mera TY 
-2tb ‘bas nego. 04 bsnssrore “<Stediygm. ait to notirog 2617 ode ro 2 ofa 
idtw beretieint tofrw s¢nSpA (1 StF) 2tnewhos sfstesv oft opm 

AF zesa01g si ttosvtnos snd ttdtint ot Sdpuorlt ow stutourtMes one 


aT r uN _P 


Similar studies on kidney cells have shown the cells to swell 
during exposure to the cold and to expel NaCl isotonically during re- 
warming (Kleinzeller and Knotkova, 1964). A contractile system assoc- 
jated with the membrane of kidney was postulated (Rorive and Kleinzeller, 

(1972). 
The questions asked at the start of this project were: 
(1) Are the morphological changes which occur in smooth muscle cells 
in response to inhibitors of metabolism or active sodium transport 
consistent with the involvement of vesicles in sodium or water trans- 
port? (2) If the membrane vesicles are involved in sodium transport 
and they contain a high sodium concentration, can sodium be demonstrated 


histochemically with potassium pyroantimonate? 


B. Literature Review 


URContro ls of Celiwotlune 


Cells contain osmotically active materials which are impermeable 

to the cell membrane as well as existing in an environment of substan- 

ces which are permeable. This condition leads to the threat of cell 
swelling and lysis due to the high permeability of water. One mechan- 

ism which would keep the water content within cells low would be to 

pump it out as fast as it enters. However, evidence for the active 
transport of water has been obtained only for insect cuticle (Beament, 
1964), which is not relevant to mammalian cells. Other possible mech- 
anisms which could solve the problem are the evolution of (1) membranes 


impermeable to sodium, the major extracellular cation; (2) membranes 
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which could withstand large pressure differences; (3) the ability to 
bind sodium selectively in an osmotically inactive form; (4) a pumping 
mechanism to transport sodium out of cells as fast as it enters. Plant 
cells have adopted walls in their evolution which can resist large pres- 
sure differences, but at the expense of limited mobility. In contrast, 
animal cells have evolved mechanisms for ion pumping and/or binding 

that keep the intracellular concentration of permeable ions, and 


hence water content, in a steady-state. 


Sodtum pump concept. An early observation by Macallum (1905) 
was that potassium of living organisms was confined mainly to the cells; 
very little was present in the extracellular phase, whereas the oppos- 
ite was true with respect to sodium. This rule for the distribution 
of these two cations holds true for nearly all living cells. 

The distribution of sodium and potassium has been studied 
most extensively in three types of tissues vzg., muscle, nerve and 
erythrocytes. Permeability of muscle to potassium was demonstrated by 
Meigs and Atwood (1916) who found that muscle bathed in KCl solutions 
would swell and take up potassium. Boyle and Conway (1941) believed 
that muscle fibers were impermeable to sodium and very permeable to 
potassium and chloride. However, even at the time of its conception 
there was mounting evidence against the unmodified Boyle-Conway 
theory, z.e., Fenn (1938) showed that when potassium was lost from 
muscle due to fatigue, sodium entered. Furthermore, Heppel (1940) 
was able to show that injected 7*Na would equilibrate with muscle 


fiber sodium. 
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Dean (1941) modified the Boyle-Conway theory by introduc- 
ing the concept of a continuous inward leak of sodium balanced by 
extrusion of sodium by a pumping mechanism in mascle fibers. 

Wilbrandt (1937) referred to the process of ion pumping 
across cell membranes as active transport. The term active transport 
was later defined to mean the transfer of a substance across the mem- 
brane against its electro-chemical gradient with the expenditure of 
energy (Ussing, 1949). 

The concept that sodium and potassium movements are mediated 
by a single system comes from several observations: (1) The potassium 
influx is high in cells which are expelling sodium at a high rate 
(Maizels, 1951; Ponder, 1950). (2) Sodium is required inside cells 
and potassium outside for their respective movement (Harris and Maizels, 
1952; Glynn, 1957; Whittam, 1962; Sen and Post, 1964). (3) The active 
extrusion of sodium and uptake of potassium seem to depend on the 
same metabolic factors (Maizels, 1951). 

The steady-state distribution of monovalent cations and water 
depends upon the leakage and transport of ions into and out of cells 
(leak-pump hypothesis). Energetic considerations show that any cation 
crossing the membrane must be accompanied by an anion (usually thought 
to be Cl ) or exchange for another cation to maintain electro-neutral- 
ity. A transport mechanism which exchanges equal numbers of Na” for 
K* is referred to as a neutral pump. An electrogenic pump is a system 
which extrudes more Na’ than K* are absorbed. 

An example of the pump-leak relationship was demonstrated 


in red blood cells from two strains of sheep by Tosteson and Hoffman 
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(1960). They showed that ion and water balance were maintained by 
high pumping activity in cells from one strain of sheep and high KT 
leakage in the other strain. 

A neutral pump has been proposed for several tissues such 
as squid axons (Hodgkin and Keynes, 1955), skeletal muscle (Desmedt, 
1953) and smooth muscle (Kao and Nishigama, 1969). However, more 
recent and complete evidence indicates that the pump is often and per- 
haps always electrogenic in many tissues including all the above types 
(see review by Thomas, 1972). Taylor et al. (1970) showed conclusively 
that pumping of Na” in Na’-rich myometrium was electrogenic. 

The search for the energy source for active transport led to 
circumstantial evidence in support of adenosine triphosphate (ATP), 
a high energy phosphate compound. Sodium efflux in squid axons was 
markedly inhibited by metabolic inhibitors such as 2,4-dinitrophenol 
(DNP), cyanide, and azide (Hodgkin and Keynes, 1955). Caldwell (1960a) 
Showed that cyanide treatment resulted in a rapid but reversible de- 
crease in arginine phosphate and ATP in squid axons, and the time 
course correlated well with decreased sodium efflux. Changes in ATP 
and sodium efflux were similar when DNP was used to inhibit metabolism. 
Caldwell (1960b) also injected several high energy phosphate compounds 
into metabolically inhibited axons and he found that some of them, such 
as ATP, would increase sodium extrusion. A study of squid axon in 
which the axonplasm was replaced by salt solutions indicated that 3 Na” 
were extruded for each molecule of ATP hydrolyzed (Baker and Shaw, 
1965). 


Based on studies with metabolic inhibitors, Maizels and 
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Whittaker (1940) and Maizels (1951) proposed that ATP was the source 


of energy for sodium transport by erythrocytes. An accumulation of K 


occurred when ATP was introduced into erythrocyte ghosts (Gardos, 1954). 
Hoffman (1960), using red cell ghost preparations loaded with differ- 
ent high energy phosphate compounds, was able to demonstrate that ATP 
was the primary source of energy for sodium transport. 

The dependence of the sodium pump on ATP raised the question 
whether movements of sodium and potassium might lead to the synthesis 
of ATP by reversal of the pump. Garrahan and Glynn (1967a) tested this 
possibility in red cell ghosts. They found that radioactive ortho- 
phosphate was incorporated into ATP when the pump was reversed by the 
entry of sodium and the exit of potassium. The labelling was preven- 
ted if ouabain was present. 

Schatzman (1953; 1962) demonstrated that the sodium pump 
was inhibited by cardiac glycosides. The inhibitory effects of these 
agents were shown to be on the outside of the cell membrane (Whittam, 
1958; Caldwell and Keynes, 1959) and these effects could be decreased 
by increasing potassium concentration externally (Glynn, 1957). 

In search of a membrane transporting system, Skou (1957) 
identified an enzyme in crab nerve which had the following essential 
properties: The system (1) was located on the cell membrane, (2) 
had a higher affinity for sodium than for potassium inside the cel] 
membrane, (3) had a higher affinity for potassium than for sodium 
on the outside of the membrane, (4) contained an enzyme which con- 
verted the energy of ATP into the movement of ions, (5) hydrolyzed 


ATP at a rate dependent upon the sodium concentration inside and 
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potassium outside the cell, (6) was found in cells in which a coupled 
transport occurred, (7) was inhibited by cardiac glycosides, and (8) 
displayed the same quantitative relationship of sodium to potassium 
as the intact cell. The enzyme was therefore termed (Na*-K")-ATPase. 
The correlation between the properties of this ATPase system described 
by Skou (1957) and the active transport system for sodium (the sodium 
pump) have been confirmed and extended (Dunham and Glynn, 1961; Post 
et ak., 1960; Charnock and Post, 1963a; Charnock et al., 1963b; 
Charnock and Opit, 1968). For example, both systems (1) require ATP; 
(2) require sodium as well as potassium; (3) have vectorial proper- 
ties (transport Na” out and K* in); and (4) are inhibited by low 
concentrations of ouabain and other cardiac glycosides. 

Skou later (1960) postulated, and it has subsequently been 
shown (Charnock et al., 1963b), that a phosphorylated intermediate was 
involved in the molecular events of the Na-K’ -dependent ATPase in 
which the hydrolysis of ATP resulted in the transport of sodium and 
potassium. The exact molecular mechanisms of the sodium-potassium 
transport enzyme remain unknown; however, several diagrammatic models 
have been proposed (Opit and Charnock, 1965; Albers et aZ., 1968; 
Hokin, 1969). 


Other modes of sodiwn extrusion. Cellular swelling occurs 
if the sodium pump is inhibited in red blood cells (Tosteson and Hoff- 
man, 1960). However, inadequacies in the concept of only one mech- 
anism controlling ion movements were revealed when inhibition of Na” 
pumping with cardiac glycosides did not completely inhibit Na* ex- 
trusion in red blood cells (Hoffman and Kregenow, 1966),°kidney or! 


muscle (Kleinzeller and Knotkova, 1964; Whittembury, 1968; MacKnight, 
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1968; Daniel and Robinson, 1971a). 

Hoffman (1966) and Hoffman and Kregenow (1966) postulated 
two sodium pumps for erythrocytes based on the inability of cardiac 
glycosides to completely inhibit sodium movements. Pump I was composed 
of two parts both of which were inhibited by cardiac glycosides. Part 
A was a Na’-K* exchange system. Part B was a sodium-sodium exchange 
mechanism in which the outflux of sodium required sodium in the exter- 
nal medium. Pump II was defined as glycoside-insensitive but inhib- 
ited by ethacrynic acid. ATP was necessary for the operation of pump I. 
The energy source for pump II was unknown. Garrahan and Glynn (1967a,b) 
also demonstrated the existence of a second pump in erythrocytes which 
was similar to pump II described by Hoffman. They also provided evi- 
dence for a sodium-sodium exchange mechanism which required ATP but 
did not result in its hydrolysis. This system was thought to corres- 
pond to part B of pump I found by Hoffman. 

Evidence for the existence of two sodium extrusion mechan- 
isms has been reported for frog sartorius muscle (Mullins and Frumen- 
to, 1963; Horowicz, 1965; Keynes, 1966). One fraction of sodium ex- 
trusion was found to be strophanthidin-sensitive and potassium-depen- 
dent, whereas the second component was not affected by either. Leblanc 
and Erlij (1969) found that ethacrynic acid inhibited the second sodium 
efflux component in frog muscles and thus they proposed that this mech- 
anism was similar to Hoffman's pump II found in red cells. 

More recent evidence indicates that ethacrynic acid acts to 


inhibit glycolysis and oxidative phosphorylation as well as transport 
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ATPase in a number of tissues (Duggan and Noll, 1966; Jones and Landon, 
1967; MacKnight, 1968; MacKnight, 1969; Daniel et aZ., 1971d). There- 
fore, the inhibition of Na* efflux is thought to be related to ATP 
depletion by the nonspecific effects of ethacrynic acid. Further- 
more, the ouabain-insensitive system in erythrocytes is thought to 

be a Na’ -Na” exchange process independent of the sodium pump (Dunn, 
1970; Whittam and Wheeler, 1970; Smith et af., 1972). This exchange 
system could not lead to volume control. There is also good evi- 
dence that the sodium exchange in frog sartorius which persists in 
the presence of ouabain is an exchange diffusion process (Sjodin 

and Beauge, 1968; Lubowitz and Whittam, 1969). 

Two modes of sodium extrusion, both of which lead to a net 
sodium exchange are believed to be involved in kidney cell volume 
control (Kleinzeller and Knotkova, 1964; Whittembury, 1968; MacKnight, 
1968; Willis, 1968; Whittembury and Fishman, 1969; Whittembury and 
Proverbio, 1970). These investigators have found that kidney cells 
can extrude sodium with chloride and water even in the presence of 
ouabain which inhibits the exchange of sodium for potassium. Further- 
more, when tissues were loaded with sodium by immersion in cold medium 
without potassium and then rewarmed in a medium without potassium, a 
net sodium extrusion from cells accompanied by efflux of chloride and 
by volume loss but without potassium uptake was noted. If potassium 
was added to the rewarming solution, a gain of potassium occurred recip- 


rocal to the loss of sodium. This exchange was inhibited by ouabain, 
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but ouabain did not interfere with the extrusion of sodium with chtlor- 
ide according to the above investigators. Ethacrynic acid was obser- 
ved to inhibit extrusion of sodium with chloride and water but it had 
little or no effect on the exchange of sodium for potassium (Whittem- 
bury, 1968; Whittembury and Proverbio, 1970). MacKnight (1968), how- 
ever, showed ethacrynic acid to be a metabolic poison. 
Cell volume in kidney cells could be maintained by (1) water 

movement associated with sodium transport coupled either directly or 


indirectly to potassium; (2) water movement associated with the trans- 


port of sodium and chloride without any link to potassium entry. The 
quantity of water the first system could transport would depend upon 
the coupling stoichiometry and leak rates of the ions involved. The 
second, ouabain-insensitive, system could move large quantities of ° : 
water and it has the following characteristics (Kleinzeller and Knot- 
kova, 1964; Whittembury and Proverbio, 1970; Rorive et aZ., 1972; 
Rorive and Kleinzeller, 1972): (1) The solution extruded from cells 
consists of 140 mM NaCl (essentially isotonic). (2) The extrusion 
system is dependent upon metabolic energy. (3) The mechanism is not 
Specific for sodium, substances such as lithium, potassium, choline, 
or Tris [tris(hydroxymethyl)aminomethane] can substitute for sodium. 
(4) The system does not require potassium in the external solution. 
(5) The ouabain-insensitive mechanism is pH dependent and it requires 
calcium in the external solution. 

Willis (1968) proposed that a pump located within a restrict- 
ed space between kidney tubular cells or within folding of the membrane 


(a crypt pump), inaccessible to ouabain action, could account for all 
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the properties of the ouabain-insensitive pump. The crypt pump hypo- 
thesis is questioned on the grounds that it is difficult to see why 
Ouabain should not have access to the sites of the Na’ pump if oua- 
bain clearly affects K transport (Whittembury and Proverbio, 1970). 
Furthermore, many cells in which such a system exists do not have 
membrane crypts, <.e., red blodd cells, ascites tumor cells or smooth 
muscle cells. Also this model does not explain the extrusion of 
choline” and Tris” which are not transported by membrane ATPase but 
which do substitute for Na” in the ouabain-insensitive pump (Rorive 
and Kleinzeller, 1972). 

Rorive and coworkers (1972) and Rorive and Kleinzeller 
(1972) have proposed that intracellular water and electrolytes are 
extruded by a ouabain-insensitive mechanochemical process in kidney 
cells. This mechanochemical system is proposed to operate by a 
Ca’*-activated ATPase which initiates a membrane contractile mech- 
anism to extrude isotonic solution from cells. The lack of substrate 
specificity and ouabain insensitivity are consistent with a mech- 
anochemical system. 

The mechanochemical hypothesis for volume control involves 
the existence of a contractile mechanism. Contractile mechanisms 
responsible for water movement have been described for a number of 
cells, e.g., the contractile vacuole of protozoa (Organ et. al., 
1968; Perkins and Jahn, 1970) and tumor cells (Hoffman-Berling, 1956). 
Contractile systems are dependent upon contractile proteins. Con- 
tractile proteins associated with membranes have been reported in 


erythrocytes (Marchesi et. al., 1969), liver cells (Neifakh et ail., 
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1965) and thrombocytes (Bettex-Golland and Luscher, 1965). The exist- 
ence of actomyosin in mitochondrial membranes (Vignais et al., 1963; 
Neifakh et aZ., 1965) and the demonstration that ion movements occur 
during ATP synthesis by oxidative phosphorylation (Green, 1970) sup- 


port a mechanochemical system. 


Daniel and coworkers (1962) were unable to show any signif- 
icant effects of potassium removal on the rate of **Na loss from rat 
and rabbit uterine smooth muscle. Therefore, Daniel (1963b) proposed 
that the Na” and K pumps were not coupled and that the sodium pump 
operated at a faster rate than that of the potassium pump, giving it 
an electrogenic nature. Further support for the electrogenic nature 
of the sodium pump in smooth muscle has been presented (Burnstock, 
1958; Casteels, 1969; Daniel et al., 1969; and Taylor et aZ., 1970). 

Evidence for two mechanisms regulating ion distribution in 
uterine smooth muscle has been presented by Daniel and Robinson (1970, 
1971a,b,c). They proposed, on the basis of **Na efflux studies, that 


sodium exits from four compartments in this tissue (termed A to D). 


They found compartment A was large and contained quantitatively about 
that amount of sodium predicted from the size of the extracellular 
space. Sodium in compartments B and C was viewed as emerging from cells 
via a metabolically dependent transport mechanism. Compartment D was 
described as a small bound fraction which exchanged only very slowly 
with *7Na. Metabolic inhibition, which depleted uterine tissues of 
adenine nucleotides, resulted in decreased **Na efflux from both cell- 
ular fractions (B and C) and resulted in tissue swelling. Potassium- 


free solutions and ouabain had only slight effects on sodium-rich 
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tissues. Quabain decreased efflux of sodium from the fast cellular 
fraction B. 

Daniel and Robinson noted that in both ouabain and potassium- 
free solutions the water content of tissues decreased and both inhib- 
itors failed to interfere with the isotonic extrusion of water when 
cold, sodium-rich tissues were rewarmed. A ouabain-insensitive, ATP- 
dependent system was therefore postulated for control of cell volume 
in addition to the classical ouabain-sensitive ATPase. 

Daniel and Robinson proposed (1971c) that membrane vesicles 
of smooth muscle cells might be sites of sodium transport (see intro- 
duction pages 1 to 5). The properties of this vesicular mechanism, 
which is thought to control cell volume (Daniel and Robinson, 1970; 
1971a,b,c; Rangachari, 1972; Rangachari et aZ., 1972), are similar 
to the mechanochemical system of kidney cells (Rorive et al., 1972; 
Rorive and Kleinzeller, 1972). Both systems (1) require metabolic 
energy; (2) lead to the isotonic extrusion of NaCl from Na*-rich 
tissue; (3) are not specific for Na’; (4) do not require external 
K* and are not inhibited by ouabain; and (5) may involve a mechano- 
chemical process. 

Membrane invagination or vesiculation may be a required step 
in the activation of some membranes or enzymes for the movement of mole- 
cules across them. Green (1970) has discussed the conformational basis 
of energy transductions in biological systems. He suggested that changes 
in mitochondrial membrane configuration provide the bond energy necessary 
for ATP synthesis and production of ion gradients. Conversely, ATP hy- 


drolysis could lead to comformational changes in membrane with movements 
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released by the ATPase reaction, inhibits the activity of tissue phos- 
phatases (Rosenthal et al., 1969). The same workers also demonstrated 
that lead catalyzes the non-enzymatic hydrolysis of ATP used as the 
substrate for release of phosphate. 

Membrane vesicles are a characteristic feature of all ani- 
mal cells and some plant cells (Rustad, 1959). The membrane vesicles 
have been termed caveolae intracellulares in smooth muscle (Caesar 
et al., 1957; Gabella, 1971) and plasmalemma vesicles (Bruns and 
Palade, 1968a, b) or micropinocytotic vesicles in endothelial cells 
(Bennett, 1956). 

The term caveolae intracellulares may be unsuitable since 
the vesicles have never been shown to be <”tracellular. The term 
pinocytotic is also improper, because vesicles in smooth muscle have 
never been shown to be involved in any uptake process. The term 
plasmalemma vesicles is not usually applied to smooth muscle. There- 
fore, in this thesis, the vesicles observed in smooth muscle will 
be referred to as membrane vesicles since their origin is believed 


to be the plasma membrane and this term seems more appropriate. 


Assoctatton-inductton hypothests. The usual approach to 
the concept of volume control in cells is based on the membrane theory. 
According to this theory, the cell membrane is the limiting barrier 
to solutes between the cell interior and the external environment. A 
sodium pump located on the membrane (as described above) is responsi- 
ble for maintaining the steady-state of ions and water. Another assum- 
ption of the membrane theory is that ions and water are relatively free 


within the cell. 
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of water and ions. In search of support for a configurational model, 
Penniston and Green (1968) found ouabain-insensitive conformation 
changes in the form of pinocytotic vesicles in red cell ghosts in res- 
ponse to ATP. From this, their general conclusion was that conforma- 
tional changes such as pinocytosis could be necessary processes in the 
movement of ions across membranes. 

An interesting theory of ATP production by mitochondrial mem- 
branes has recently been submitted by Banks and Vernon (1970). They 
postulate that the process may operate as follows: (1) The membrane 
contains an ATPase but it normally is held in an inactive, extended 
configuration. A molecule of ADP and inorganic phosphate become attached 
to the enzyme. (2) The membrane now takes up a folded configuration 
thereby extruding water and generating a non-aqueous microenvironment. 
(3) A metal cation enters the folded configuration perhaps accompanied 
by water and activates the ATPase which in turn catalyzes the formation 
of ATP. (4) The activating cation passes out of the folded configura- 
tion and the membrane takes up the original extended configuration with 
the release of ATP. It is not difficult to see how this mechanism could 
result in ion transport if it operated in reverse order and if the pro- 
cess of folding and extension released an ion at a site different from 
the origin of the ion. 

Additional evidence suggesting vesicular involvement in so- 
dium transport in smooth muscle was the demonstration of high ATPase 
activity as demonstrated histochemically in membrane vesicles (Rostgaard 
and Barrnett, 1964; Lane, 1967). However, the validity of this histo- 
chemical technique for localization of ATPase activity has been quesr 


tioned on the grounds that the lead cation used to capture phosphate 
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An alternative theory based on the interaction of electro- 
lytes with selective binding properties of proteins was formulated by 
Ling (1962) and termed the association-induction hypothesis. According 
to this view, intracellular solutes exist in two states: (1) in solu- 
tion in cell water, and (2) adsorbed onto cell proteins. ATP is thought 
to energize cell proteins to maintain a particular cooperative state 
necessary for selective ion binding. Thus, as ATP is adsorbed onto a 
controlling site on a protein, it influences a fixed number of anionic 
sites to selectively adsorb Kr Without ATP, other cations such as Na” 
may occupy the anionic sites. OQuabain is thought to shift the affinity 
of the system from KT to Na’ (Ling, 1969). Cell water is thought to 
exist in a physical state different from that in the extracellular 
solution (Ling, 1966). It is pictured as existing in polarized multi- 
layers about the protein. Cell volume equilibrium depends upon the re- 
versible forming and breaking of salt linkages in the protein matrix 
and the association of free counter jons such as K’. 

Certain evidence supports the association-induction hypo- 
thesis. Cope (1967) suggested that approximately 70% of cell sodium 
was in a complexed state and therefore did not contribute to the nu- 
clear magnetic resonance (NMR) spectrum. NMR studies of water have 
also indicated structuring of this component (Hazelwood et aZ., 1969). 
Hinke and McLoughlin (1967) provided further support for the complex- 
ing of intracellular sodium and potassium in barnacle muscle studied 
with cation-sensitive microelectrodes. Recent spin-echo studies sub- 
stantiate the idea that ordered water exists in biological tissues 
(Cope, 1970). 


Most evidence, however, is in favor of the membrane theory 
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as summarized below: (1) Living cells are approximately isotonic 

with 0.9% NaCl solutions, which demands that the osmotic activity with- 
in cells be equal to that of this solution. To achieve this, nearly 
all the ions within cells must be in a free state. (2) The cytoplas- 


mic resistance is relatively low as compared with high membrane resis- 
tance. The low cytoplasmic resistance is interpreted as indicating 
nearly complete dissociation of intracellular ions. (3) The mobility 
of K” in cells is equal to that of free K in solution (Hodgkin and 
Keynes, 1955). (4) The correct magnitude of the resting and action 
potentials can be predicted from the Nernst equation (Hodgkin and 
Katz, 1949) which is based on complete dissociation of intracellular 
eh, (5) The transport of ions across frog skin separating two ion 
bathing solutions (Ussing, 1954) could not be accounted for on the 
basis of ion binding. (6) A linear relationship between potassium 
content and ATP concentration does not exist in smooth muscle as 
predicted by the association-induction hypothesis (Rangachari et avl., 
RR 


2. Localization of Sodium wtth Potassium Pyroanttmonate 


Use of potasstum pyroanttmonate. Sodium transport sites in 
smooth muscle cells could be demonstrated histochemically if sodium 
were concentrated at the transport sites and if a valid histochemical 
tool were available for sodium localization. Potassium pyroantimonate 
has been widely used as a tool to localize sites of high sodium con- 
centration in tissues. 

Komnick (1962) and Komnick and Komnick (1963) proposed that 


potassium pyroantimonate could be used to localize sodium in tissue 
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prepared for the electron microscope. This claim has been recently 
reaffirmed (Komnick and Bierther, 1969; Lennep and Komnick, 1971). 
Potassium pyroantimonate (K2H2Sb207.4H20) is added to the fixative and 
the pyroantimonate anion is thought to form insoluble, electron dense 
precipitates with sodium at sites of high sodium concentration in tissue. 
Kidney tissue has been studied by this method in an effort 
to localize areas of high sodium content or sites of sodium transport. 
Amakawa and Mizuhira (1968) and Nolte (1966) found precipitates local- 
ized in the brush border of proximal tubule cells of rat kidney. Pre- 
Cipitates have also been observed along the basement membrane in distal 
tubules and in glomeruli (Tandler and Kierszenbaum, 1971). Nuclear 
precipitates found in kidney preparations were thought to represent 
bound sodium, while precipitates found associated with the membrane were 
thought to demonstrate sodium transported by the membrane (Tisher et al., 
1969). Based on precipitate location, an osmoregulatory function for 
chloride cells of the kidney of the stickleback has been proposed 
(Komnick and Bierther, 1969). 


Brain and nervous tissue have been investigated and pyro- 
antimonate precipitates were thought to demonstrate mainly bound sodium 
(Hartmann, 1966; Villigas, 1968; Siegesmund and Edelhauser, 1968). In- 
creased precipitates were found in vesicular structures of astrocytes 
following intracisternal injection of sodium chloride solutions (Tor- 
AC Krenloyi) 

Pyroantimonate precipitation on the external surface of the 
stratum cornea cells of frog epidermis was interpreted as support for 
a standing-gradient osmotic flow process for this tissue (Henrikson, 


1970; Lennep and Komnick, 1971). Sodium was thought to be mobilized 
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from frog epithelial nuclei and rat kidney nuclei during stimulation 
of active transport by vasopressin. These observations were based on 
pyroantimonate location and *7Na movement in fresh isolated nuclei 
(Zadunaisky et al., 1968). 

Other tissues have been investigated using pyroantimonate 
to localize sodium. These tissues include the spiral organ of the | 
ear (Vinnikow and Koichev, 1969), plant cells such as maize roots, 
bean embryo and spinach chloroplasts (Nobel and Murakami, 1967; Tan- 
dler et al., 1970), sweat glands (Ochi, 1968), salt excreting glands 
(Lennep, 1968), testis (Kierszenbaum et aZ., 1971), vas deferens 
(Lane and Martin, 1969), liver (Tandler et aZ., 1970), bone marrow and 
blood cells (Spicer et aZ., 1968; Hardin et al., 1969; Spicer et al., 
1969; Hardin and Spicer, 1970; Clark and Ackerman, 1971a,b). 

Heart muscle has been studied after fixation with pyroan- 
timonate (Shinna et al., 1969, 1970; Legato and Langer, 1969; Klein 
et al., 1970; Thureston-Klein and Klein, 1972) as has skeletal mus- 
cle (Zadunaisky, 1966; Shiina and Mizuhira, 1970). No comparable 


studies have been reported for smooth muscle. 


Validity of pyroantimonate method. Evidence that pyroanti- 
monate precipitates contain sodium in tissue fixed for electron micro- 
scopy comes from various sources. The presence of sodium in tissue 
precipitates has been demonstrated by electron probe analysis (Lane 
and Martin, 1969; Tandler et aZ., 1970; Tandler and Kierszenbaum, 
1971). Selected area diffraction pattern studies have shown that pre- 
cipitates contained sodium (Hartmann, 1966). Studies of the combined 


use of pyroantimonate and **Na autoradiography have shown an association 
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between the developed grains of Na’ and precipitates (Amakawa et al., 
1968; Shiina et al., 1969; Tisher et aZ., 1969). Others have reported 


that tissue precipitates were decreased or increased under conditions 


which lower or raise the tissue sodium content or increase or decrease 
sodium extrusion (Kaye and Donn, 1965; Hartmann, 1966; Zadunaisky et 
al., 1968; Tani et aZ., 1969; Torack, 1969; Shiina and Mizuhira, 1970; 
Satir and Gilula, 1970). A study on the efflux of *7Na from **Na-loaded 
tissue during fixation indicated that slightly more *7Na remained in 


tissue when pyroantimonate was present (Zadunaisky, 1966). 


There are, however, several reasons for doubting the valid- 
ity of this technique: (1) Pyroantimonate solutions precipitate in 
vitro with solutions of other cations and cellular substances such as 
calcium, magnesium, zinc and biogenic amines (Bulger, 1969; Lane and 
Martin, 1969; Shiina et aZ., 1970) and evidence has been presented to 
show that pyroantimonate precipitates with glycogen and histones in 
tissues (Clark and Ackerman, 1971b). (2) Tissue precipitates were 
found to contain calcium, magnesium and potassium as well as sodium and 
antimony as demonstrated by electron probe analysis (Tandler et al., 
1970; Kierszenbaum et aZ., 1971; Tisher et al., 1972). (3) Potassium 
pyroantimonate has been shown to be insoluble in dehydrating solutions 
used to prepare specimens for study (Tice, personal communication; 
Shiina et al., 1970; Tisher et aZ., 1972). (4) Precipitates were often 
not found in some cells when glutaraldehyde was used as the fixative 
and the pattern of precipitate varied with the fixative used (Lee et 
al., 1967; Bulger, 1969; Clark and Ackerman, 1971a; Sumi, 1971; Sumi 
and Swanson, 1971). In addition, there is the possibility of diffu- 


sion artifacts during fixation and dehydration. 
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Klein and Thureston-Klein (1972) used flame photometry to 


analyze precipitates formed in vitro with sodium and pyroantimonate 


solutions. They found a linear relationship between sodium-added and 
precipitate formed. However, isolated nuclei, spleen and sodium im- 
pregnated gels analyzed by a similar flame photometric method and nuc- 
lear activation analysis after pyroantimonate-osmium tetroxide fixation 
showed that the gels and tissues contained little sodium and increased 


contents of potassium (Spicer et al., 1972). 
5. Ltght and Dark Cells 


Significance of thts study. During initial examination of 
uterine smooth muscle in the electron microscope, two populations of 
cells were found in the same tissue preparation. Cells of the minor- 
ity population were less electron dense and randomly distributed among 
the more dense cells. Other distinguishing characteristics, such as 
lack of membrane vesicles and swollen endoplasmic reticulum and nuclear 
envelope, were noted between the two types of cells. Similar observa- 
tions with light and electron microscopy of smooth muscle and other 
tissues have implicated contraction-relaxation or the method of fixa- 
tion as the factors responsible for density differences (see Aita et 
al., 1968a; Dohrman, 1970). Since cells without vesicles should be 
unable to maintain their volume (Chapter 2), a portion of this project 
was designed to study the differences between the two types of smooth 


muscle cells and to try to account for them. 


Light and dark smooth muscle cells. Two types of smooth 
muscle cells differing in staining densities were first distinguished 


in 1844 by Kolliker (Quoted by Conti et aZ., 1964). Later Henneberg 


siuoud 


naihedien lh wae i 8 Fahd | 
“mi nite bas baie 3 refoun ‘beaefost ASV HOH om 
~auy bas borden otrdemotodg swblt fst inthe 7) vd! basy Tans 2 
notsext? abtrotist mutmao-otsnomrinsowyg y9dt5 ztey lens snails nest 
baesavont bis muthoe altar! benfsinos eeveets brs 2fsp and See: baw 


gti 5 
ae 


(ves ..$n 38 seat?) mireestog to 29 3 
alYeo neat hep shges oe 


49 moreertmexs fettint patwo bss. ettt To somo ings, . le ; 


7 
%o enotéslugoq owt ,sqoozo%olm noviosta eft ot sfoeum Azoome iliaadall 


-yontm oft to 2f{s .notteiaqayq sueets sma2 oft nt bnuo? yaw a 
phoms betudiatztb vimobnsy brs sensh noviosfa 223) Sow notestuqag vt a.) 
ee hove .2nrt2tsstosieds pntt2tupatvatb seds0 eles seneb som on: 
néolour bre wuluottsy atmeslqgobas nsilowe bas esfoteav sneydmem to dost 
-pviaede ssftmi2 .20fso to esqyd ows oft naswisd beton stew <sqofavns 7 
Nsrito bas sfaziim rtoone to yadozotstm potioefs bas diet! dow znotd 
-Gxt? YO boritsm sit 10 aordexslar-ottostines bessotfqnt stad ors 
$5 SttA So2) esonatettib ytteznsbh wot sidtenoaes’ evodost aay 26 nota 
54 blyone 2alatzsy tuondtiw zffeo sante -(OSCT ,nenriod 7 6890T as 
sostowq e2tdt to nott+oq 6 .(S. tadyedd) seufov Vedd atesntam oF aTden 
dtocme 7a 2eqvs- ows ont poawisd eosnaisttb ait ybuse od banphe b 21 
madd tot tnvosos oF vat oF brs etfao. f 


Atoome to es0yt owT iiss slorum Atjcome Aah ben tged 
bshetuppizetb tent? svaw eatttenob pnintste at pntwttib effe 
predennst vert (880! , 3s 38 Hind ys batoup) voltT TON Wed 


28 


in 1901 studied carotid artery smooth muscle of pig, beef and humans 

in contracted and relaxed states. He found two types of cells which 

he termed clear and dark cells. Clear cells had a round or elliptical 
cross-sectional shape, a clear cytoplasm and a thick nucleus. The clear 
cells were thought to characterize contracted muscle. Dark cells had 
a prismatic shape and an intensely colored cytoplasm and were seen in 
relaxed smooth muscle (quoted by McGill, 1909; and Aita et al., 1968a). 
This view was immediately opposed by Heidrich in 1902. He studied 
smooth muscle of the intestine, urogenital system and blood vessels 
from a number of animals and concluded that dark cells were contracted 
cells (quoted by McGill, 1909). The structure of the same smooth 
muscle from different animals was reviewed by McGill (1909). She des- 
cribed the syncytial nature of smooth muscle and studied the structure 
of contracted and relaxed cells. She found contracted cells to be 
shorter, wider and more densely colored than relaxed cells. 

The concept that dark smooth muscle cells as viewed through 
the light microscope were cells contracted at the time of fixation 
was generally accepted. The only opposing report was that made earlier 
by Henneberg in 1901. However, Hirsch (1955) believed like Henneberg 
that vascular smooth muscle light cells were relaxed. 

Guinea pig, rat and human intestinal and rat uterine smooth 
muscle were studied in the phase contrast and electron microscope by 
Gansler (1961). She described dark cells as having a prickly appear- 
ance due to the narrow pointed cytoplasmic projections in contrast to 
the rounded structure of light cells with wide, blunt extensions. 


Light cells were found to have a light ground substance with disorgan- 
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ized filament structure, whereas dark cells had a very dense cytoplasm 
with thin filaments of no consistent pattern. Light cell nuclei were 
less dense than those of dark cells. The dark cell membranes were 
difficult to see against the dense myoplasms but contained numerous 
membrane vesicles. Membrane vesicles were often absent from the 

light cells. The difference in density of the two types of cells was 
thought to be dependent upon contraction as dark cells were believed 

to be more numerous in tissue contracted at the time of fixation. Con- 
traction was thought to lead to cell shrinking by loss of intracellu- 
lar water. The result of water loss was thought to produce a condensa- 
tion of the myofilaments making the cells more dense when viewed under 
the microscope. 

Laquens and Lagrutta (1964) reported finding light and dark 
smooth muscle cells in human uterine tissues during pregnancy. Jaeger 
(1964) referred to two types of smooth muscle cells found in the human 
pregnant and nonpregnant myometrium as "resting" and "active". The 
resting cells were less dense than those termed active. He concluded 
that the cells were in various states of contraction at the time of 
examination. 

Histological and histochemical studies indicated that light 
and dark cells of vascular smooth muscle were not due to contraction 
or relaxation (Conti et al., 1964; Aita et al., 1968b). Light and dark 
cells were believed to be two different types of cells from a morphol- 
ogical and functional point of view. These authors have referred to 
these cells as round or oval for light cells and triangular or star- 


shaped for dark cells, after their cross-sectional appearance. However, 
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more recently they have discarded their original claims and returned 

to the contraction-relaxation hypothesis (Conti et aZ., 1972). They 
found in arteries relaxed prior to fixation some light cells which they 
believed were contracted cells. In contracted arteries, they found 

some dark cells which were described as relaxed cells. They concluded 
that the density of a cell was dependent upon the contracted or relaxed 
state of the cell at the moment of fixation. However, they viewed the 
contracted cells as the light cells which is opposite to the conclusions 
of Gansler (1961). 

The nature of density differences observed in stretched mamma- 
lian and turtle oviduct smooth muscle has recently been claimed to re- 
flect an unusual osmotic response of occasional cells to the glutaralde- 
hyde-buffer combination (Somlyo et aZ., 1971a,b). They proposed that 
the electron density of smooth muscle cells was due to the degree of 
hydration at the time of fixation, since prior incubation of tissues 


in hypertonic solutions increased the density of cells. 


Light and dark cells of other tissues. An abundance of lit- 
erature has accumulated over the past 80 years on the nature of liver 
and brain cells which vary in density when viewed with the light and 
electron microscope. Early reports characterized dark liver cells as 
those involved in bile production and much work was devoted to their 
behavior toward specific dyes. Unequal staining of brain and spinal 
ganglion cells were seen and dark cells were believed to be sympathetic 
cells (see review Scharrer, 1938). 


The appearance of light and dark liver and brain cells could 
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be avoided by intravascular perfusion fixation. Therefore, Scharrer 
(1938) thought that dark and light cells might be brought about arti- 
ficially by pressing or tearing of fresh tissues when they were removed 
for immersion fixation. He proposed that, as a consequence of mechan- 
ical injury, a breakdown in the colloidal system of the cell occurred 
with instantaneous loss or inhibition of water, resulting in dark stained 
shrunken cells or light swollen cells. 

More recent studies indicated that dark cells increased in 
number after various toxic treatments to rats (Herdson et al., 1964; 
La Fontaine and Allard, 1964; Wood, 1965; Allen and Carstens, 1966), 
mice (Papadimitriou, 1965), monkeys (Ghidoni, 1967) and rabbits (Witz- 
leben, 1966). However, dark cells were regarded as a reaction due to 
injury after removal of tissues, when it was observed that dark cells 
also increased in number in control tissues not subjected to poisonous 
substances but also fixed by immersion (Steiner and Bablio, 1963; Theron, 
1965). 

Ganote and Moses (1968) noted that conditions which tended 
to result in inadequate fixation of liver tissue increased the frequency 
of both light and dark cells and intermediate density cells on the sur- 
face of tissue blocks. Dark cells were found more frequently in the 
central portion of tissue blocks. After in situ fixation, intermediate 
density cells were observed and therefore, light and dark cells were 
thought to be artifacts of fixation. This conclusion was similar to 
that made earlier by Scharrer (1938) who considered light and dark cells 
as artifacts due to mechanical injury prior to fixation. 


Light and dark epithelial cells of choroid plexus of the 
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brain from dog, mouse and humans were considered to be due to varying 
states of cell hydration at the time of fixation (Dohrmann, 1970). 
They were not believed to be artifacts, since they could be demonstrated 


in tissue fixed either by immersion or perfusion. 
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CHAPTER 2 


AN ULTRASTRUCTURAL STUDY OF VESICULAR 
TRANSPORT IN RAT MYOMETRIUM 


A. Objectives 


If membrane vesicles of smooth muscle are involved in Na~ 
and water transport in the way postulated (see introduction), several 
changes should occur in vesicular structure and electrolyte content 
following treatment of tissues with metabolism or transport inhibit- 
ing substances. 

1. If ATP is necessary for membrane vesicle formation and 
maintenance, depletion of ATP with metabolic inhibitors 
should eliminate vesicle formation and lead to their des- 
truction. 

2. If membrane vesicles are sites of sodium transport, [ATP] 
reduction with metabolic inhibitors should precede or accom- 
pany vesicular changes, Na’-gain, K*-loss and volume changes. 
3. If the ouabain-insensitive volume pump is the only mech- 
anism associated with the vesicles, inhibition of transport 
ATPase with ouabain should not directly affect vesicular 
STRUGLULG. 

4. If vesicle formation and discharge involve a Caos 
dependent mechanochemical system as proposed by Rangachari 
(1972), rewarmed Na’-rich tissues should have altered 


: + 
vesicle structure or number than those noted in cold Na - 
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tissues. This alteration in vesicle size or in number 
could be prevented by substances such as Ca’ -free solu- 
tions and iodoacetamide which interfere with contractility. 

The objective of this study was to test the vesicular hypo- 
thesis by evaluating the above predictions. Some pieces of myomet- 
rium were analyzed for cation contents and ATP and other pieces of 
tissue were prepared and examined in the electron microscope after 
incubation in Krebs-Ringer solution with and without metabolism (IAA 


+ DNP) and transport (ouabain, 5°C) inhibitors. 


B. Materials and Methods 


“. Ttssue Preparatton 


Female Wistar rats weighing approximately 100 grams were in- 
jected subcutaneously with 50 micrograms of diethylstilbesterol daily 
for six days. Each rat was killed by a blow to the head. The abdom- 
inal cavity was cut open and the uterus rapidly removed. The two ut- 
erine horns were separated at the bifurcation and each horn was spread 
out on filter paper dampened with Krebs-Ringer solution. In all 
tissues used in this study, the endometrium was separated from the 
myometrium by stripping the two layers apart. The endometrial por- 
tion, which also contained much of the circular muscle, was discarded. 

All myometrial portions were suspended on stainless steel 
hooks. The tissues were allowed to recover from handling for one 


hour in Krebs-Ringer medium at 25°C aerated with 95% 0,-9% CO.,. 
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Recovered tissue was designated as {12sh tissue. Fresh tissues 
were weighed and transferred to separate tubes for their respective 
treatments. Tissues were made sodium-rich by incubating them over- 
night at 5°C in nonaerated potassium-free Krebs-Ringer solution. 

After treatment, a piece of tissue approximately 5 x 5 x 
0.5 mm was removed from the center of each uterine horn for electron 
microscopy. The two remaining pieces were placed together for ATP 
or cation analysis. 

In measurements of fresh tissue, tissue from one uterine 
horn was used as the control and compared with its paired, treated 
horn. In measurements of sodium-rich tissue, comparisons were made 
between tissues removed from the same uterine segment before and 


after rewarming. 


2. Soluttons 


The composition of Krebs-Ringer solutions used in this study 
is shown in Table 1. 

Unless otherwise specified, chemicals and drugs used in this 
study were added directly to the Krebs-Ringer incubation solution. 


The sources for the chemicals used are given in the appendix. 


3. ATP Determtnatton 


The ATP contents of tissues were estimated by the firefly 


method (Kahlen and Koch, 1967; Wirth et al., 1970). 
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ATP was extracted by placing the tissues for 10 minutes in 
beakers containing 10 ml of boiling glycine buffer (2.0 mM; pH 9.5-10). 
Thereafter the solutions were transferred to graduated test tubes and 
the volumes readjusted to 10 ml. The test tubes were placed on ice 
until ready for estimation. 

Soluble extract (luciferin-luciferase) from 50 mg of dried 
firefly lanterns (Sigma) were ground with a mortar and pestle and 
dissolved in 400 ml of cold 0.1 M arsenate buffer (pH 7.4). MgSO, 

(to make 0.02 M) was added to the enzyme solution prior to use. 5 
ml of the enzyme solution was placed in scintillation vials and stored 
in the cold until used. 

ATP standards (0.05 - 1.0 ug/ml) were prepared from frozen 
stock solutions (1 mg ATP/ml glycine buffer) at the same time that 
the ATP was extracted from tissues. 

0.5 ml of the standards or tissue extracts was added to 
5 ml of the luciferin-luciferase solution and mixed by swirling the 
vial. 30 seconds after mixing the two solutions, each vial was coun- 
ted three consecutive times for 0.1 minute. A liquid scintillation 
counter (Nuclear-Chicago) set up for integral counting on one wide 
open channel was used in this study. 

The amount of ATP in the tissue extracts was estimated by 
comparison with a standard curve (drawn on loa-log paper) of the ATP 
concentrations in the standard solutions against the average counts 


produced in the enzyme-ATP reaction. 
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4. Determinations of Ion Contents of Tissues 


Tissues were placed in dried, weighed test tubes and the 
wet wetghts obtained. The tissues were dried to a constant weight 
(dry wetght) at 105°C. The total tissue water content was calculated 
as the difference between wet and dry weights (g H20/g solids). Con- 
centrated nitric acid and 30% hydrogen peroxide (0.1 ml each) were 
added to each dried sample and then the samples were digested on a hot 
sand bath. Blank test tubes were treated in a similar manner. The 
resulting residues were dissolved in de-ionized distilled water and 
the volumes made up to 25 ml. Sodium and potassium contents were de- 
termined using an EEL flame photometer. A standard curve for each ex- 
periment was constructed from standard solutions of sodium or potassium 
chloride. Ionic contents of tissues were estimated by comparison of 
sample readings with the standard curves after subtracting the blank 


readings. 


©. Eleetron Mteroscopy 


Preparation. Tissues were fixed by immersion in about 5 ml 
of 5% glutaraldehyde, buffered with Millonig's phosphate buffer (pH, 
7.4; 960 mOsm) at 25°C. The pieces of fixed tissue were stored in 
the cold until ready for postfixation and dehydration. The tissues 
were then washed three or four times in phosphate buffer, and post- 
fixed in 1% osmium tetroxide with Millonig's buffer for one hour. 
After rinsing twice in distilled water, samples were dehydrated in a 


series of graded concentrations of alcohols followed by propylene oxide. 
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All tissues were embedded in Epon 812 in flat molds oriented 
so the outer longitudinal muscle layers would be cut in cross-section. 
Pyramids with face dimensions less than 0.5 x 0.5 mm were cut with a 
razor blade on the serosal surface of the tissue over the longitud- 
inal muscle layer. Silver to grey sections were cut using a diamond 
knife with a Porter-Blum ultramicrotome (MT2). All sections were 
placed on bare 300 mesh copper grids and examined in a JEM-7A elec- 
tron microscope after double staining with uranyl acetate (Gibbons 


and Gristone, 1960), and lead citrate (Reynolds, 1963). 


Quantitative measurements. The following procedure was 
followed to assure random sampling in quantitating the membrane ves- 
icles in smooth muscle cells. 

A total of 16 photographs were taken at each time after the 
various treatments (Tables 2 - 12; 4 photos/tissue x 4 tissues/time). 

One photograph (x 8,000 magnification) was taken of sections 
overlying the center square (or closest square containing a section) 
from each quadrant of each grid (4 photographs per grid). The areas 
photographed (ca. 1/16 of the grid square; ca. 1/300 of the section 
area) had to contain at least 50% cells which were cut in cross sec- 
tion. If this criterion was not met in the lower right area of the 
grid square, the lower left, the upper left, and then the upper right 
areas were considered for photography until a suitable area was found. 
If sections contained sectioning or staining artifacts, they were re- 
jected and the tissues resectioned and stained. 


Negatives were enlarged 3 times (x 24,000 magnification) and 
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printed on 8" x 11" paper. A map tracing compass was used to measure 
distances along smooth muscle cell membranes in the photographs. Al] 
surface vesicles (within 3 mm of the surface) of the cells in the pho- 
tographs (ca. 10 cells/photo) were counted. From the measurements 
taken from photographs, the number of vesicles per millimeter of mem- 
brane for each tissue was estimated. 

The center portion of each negative was enlarged 10 times 
(x 80,000 magnification) (if the center was unsuitable, the left cen- 
ter then right center areas were considered). A compass and millimeter 
scale were used to determine the average size of each vesicle in the 
enlarged field. Two measurements (one parallel and one perpendicular 
to the field) were made of each vesicle at the maximum diameter. From 
the above data, the average size of the vesicles in the field (ca. 20 
vesicles/field), the vesicular volume and vesicular surface area were 
calculated. The total volume and total surface area per unit length 
of membrane were obtained by multiplying the average number of vesicles/ 
mm membrane for each photograph by their average volume or surface area. 

The average vesicular number per unit length and dimensions 
of each tissue were determined from the 4 photographs taken of each 
tissue. These data were compared with corresponding dimensions deter- 


mined for the paired horn. 
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The paired student's t-test was used to test for statistical 


significance between values obtained from paired tissues. A "p 


value of < 0.05 was chosen as the level of significant differences 


between tissues. 
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C. Results 


1. Appearance of Control Tissues 


Figure 2 shows a cross-sectional view of the longitudinal 
layer of the rat myometrium. The smooth muscle cells of the myome- 
trium are irregular in shape with occasional projections. Membrane 
bound vesicles appear intermittently along the plasma membrane of the 
cells. A vesicle at high magnification is seen in Figure 3. Both 
the flat membrane and vesicular membrane are well defined, and have 
a typical tripartite layered structure approximately 80 R thick. 

Many vesicles appear open to the extracellular space as shown in 
Figures 2 and 3. However, some membrane vesicles can be seen which 
have no apparent communication to the exterior of the cell (Figure 
2). This could be because the connections were outside the plane 
of section or because the vesicles were free within the cell. 

To test whether there were any closed vesicles, tissues were 
fixed in 5% glutaraldehyde buffered with 0.1 M cacodylate buffer (pH 7.4, 
Revel and Karnovsky, 1967) and containing colloidal 1% lanthanum ni- 
trate. Postfixation was in 1% osmium tetroxide solution with the same 
buffer. These tissues were examined unstained in the electron microscope. 

Figure 4 shows that the colloidal suspension of lanthanum ni- 
trate penetrated between cells. Lanthanum was present in vesicles open 
to the extracellular space and also in vesicles with no apparent open- 
ing to the outside. 

Particles (~100 A) associated with the inner surface of the 


vesicular membrane were outlined by the dense lanthanum deposit (Fig- 
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Figure 2. Smooth muscle cells of the longitudinal muscle layer 

of the rat uterus. Membrane vesicles appear along the surface of 
the cells. Single arrows indicate vesicles open to the extracell- 
ular space. Vesicles with no apparent openings are shown with dou- 


ble arrows. Magnification x24,000. 


Figure 3. A high magnification of a membrane vesicle.’ Note the 
triple layered membrane, the opening in the extracellular space. 


Magnification x213,000. 
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Figure 4. Smooth muscle cells fixed in 5% glutaraldehyde with 
1% colloidal lanthanum nitrate. The extracellular space in 
some areas as shown here was completely filled with electron 
dense lanthanum. Lanthanum also was present in vesicles open 
to the exterior (v) and vesicles with no apparent opening (v'). 
Note the presence of particles or repeating units associated 
with the inner vesicular membrane (arrows). X 40,000 magnif- 


ication. 


Figure 5. Higher magnification of tissues shown in Figure q . 
Particles were associated with the vesicular membrane (arrows) 


but were absent from the flat membrane. X 70,000 magnification. 
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ures 4 and 5). There were no particles on the flat portion of the 


membrane. 


2. Effect of Metabolie Inhtbttton 


Daniel and Robinson (1971c) based their vesicular hypothesis 
on studies of cations in whole uterine tissues which consisted of both 
myometrium (smooth muscle cells) and endometrium (epithelial cells). 
This study was designed to test their conclusions using only myometrium 


and to correlate the results with the ultrastructure of the cells. 


IAA + DNP. Iodoacetate (IAA, a glycolytic pathway inhibi- 
tor) and 2,4-dinitrophenol (DNP, an inhibitor of oxidative phosphoryla- 
tion) in concentrations of 1 mM each were used together in the incuba- 
tion solution to rapidly deplete the tissues of ATP as shown by Daniel 
and Robinson (1971b). 

Table 2 shows the effects of metabolic inhibition with jiodo- 
acetate (1 mM IAA) plus dinitrophenol (1 mM DNP) from four different 
experiments. There was an immediate decrease in ATP content of tissues 
incubated in Krebs-Ringer solution with both inhibitors. At 5 minutes 
the ATP content was down to 10% of the control value and it continued 
to decline thereafter. By 40 minutes, no ATP could be detected in in- 
hibited tissues (<0.01% of control as judged by sensitivity of the ATP 
determination method). There was little change in the ATP content of 
control tissues incubated in Krebs-Ringer over the same time intervals 
(ca. 1 umole ATP/g tissue). 


The sodium content of inhibited tissues increased by 20 min- 
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utes with a simultaneous decrease in potassium content (Table 2). At 
approximately 30 minutes the water content of the treated tissues in- 
creased significantly. These results (ATP, Na’, K and water contents) 
are similar to results obtained by Daniel and Robinson (1971a,b,c) for 
whole uterine tissues. 

The diameter of the membrane vesicles of tissues incubated 
only in Krebs-Ringer solution was slightly greater than 1000 A (Table 2). 
There were approximately 1000 vesicles per millimeter of membrane (from 
cells cut in cross-section). Neither the diameter nor the number of 
vesicles changed consistently when incubated only in Krebs-Ringer sol- 
ution, 

Incubation of tissues in IAA plus DNP resulted in an increase 
in diameter and reduction in number of membrane vesicles by 10 minutes. 
The total vesicular volume/mm of membrane (average volume/vesicle x 
number/mm of membrane) was not significantly different from the con- 
trol at 10 minutes because the size of the vesicles increased although 
the number decreased. 

To determine if all cells react simultaneously to the effects 
of IAA + DNP, counts were made of cells with normal vesicles, with 
swollen vesicles ( 1000 to 1100 A) and with no vesicles (light cells 
as defined in Chapter 4). Table 3 lists the number of each type of 
cell (% total counted) at different times after incubation with and 
without the inhibitors. Approximately 94% of the cells from control 
tissues had membrane vesicles of normal size. In tissues which were 
metabolically inhibited, there was a progressive shift from cells with 


normal vesicles through cells with swollen vesicles to cells with no 
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Figure 6. Effect of IAA + DNP (1 mM each) on the ultrastruc- 
ture of uterine smooth muscle. (a) Cells from tissues after 

10 minute incubation in Krebs-Ringer with the inhibitors. Note 
the increased size of the vesicles (arrows) as compared with 
those in Figure 1. Double arrows indicate two vesicles which 
have coalesced together. (b) Cells after 20 minutes of incuba- 
tion. Note the reduced number but increased size of the vesi- 
cles (arrows) compared with those at 10 minutes. (c) Cells af- 
ter 40 minutes treatment. Note that the vesicular number is 
decreased from those shown at 10 and 20 minutes. (d) Cells af- 
ter complete ATP depletion (80 minutes). The membrane vesicles 


are completely absent. Magnification x 24,000. 


a) 
vesicles. At 20 minutes, only 10% of the cells contained normal ves- 
icles; 50% of the cells had swollen vesicles and 40% of the cells had 
no vesicles. After 60 minutes treatment, only 10% of the cells had 
vesicles and these were swollen. 

Figure 6a-d shows the progressive changes which occurred in 
smooth muscle cells incubated in Krebs-Ringer with IAA + DNP. The 
membrane vesicles were swollen at 10 and 20 minutes (Figures 6a and b 
compared to Figure 2). At 40 minutes, there were fewer vesicles and 
those present were still swollen (Figure 6c). There were few vesicles 


present after 80 minutes of treatment (Figure 6d). 


IAA. Iodoacetate used alone has been shown to decrease the 
ATP content of whole uterine tissues more slowly than when dinitro- 
phenol was present (Daniel and Robinson, 1971b). If IAA alone decreases 
the ATP contents of myometrial tissues more slowly than when DNP is 
present and if ATP is responsible for the changes in cell structure 
(Table 2), then the structural changes should also occur more slowly 
with IAA. 

The effects of IAA alone (1 mM) are shown in Table 4. Many 
effects were in general similar to results obtained when DNP was pre- 
sent (Table 2), although IAA alone took longer to produce the changes 
as predicted. 

The ATP content of IAA inhibited tissues was reduced to 10% 
of the control at 20 minutes and no measurable ATP could be detected 
after 100 minutes. Significant changes in sodium and potassium con- 
tent occurred by 40 minutes and water content of the treated tissues 
increased by approximately 100 minutes. 


The number of vesicles in cells of inhibited tissues was 
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Significantly lower than the controls after 20 minutes. Unlike meta- 
bolic inhibition with IAA + DNP, inhibition with IAA alone did not in- 
crease the size of the vesicles simultaneously with reduction in their 
number. 

The number of cells with and without vesicles is indicated 
in Table 5. For 120 minutes there was only a gradual change in the 
number of cells with vesicles (which were of normal size but reduced 
jin numbers) to cells with no vesicles. At 120 minutes when vesicle 
swelling was observed, there was a marked shift from cells with normal 
vesicles to cells with no vesicles. 

Figures 7a and b show smooth muscle cells after 40 and 80 
minutes in IAA. There were fewer vesicles than the controls but re- 
latively no change in vesicular size as indicated in Table 4. Con- 


trol tissues were similar to that shown in Figure 2. 


pNP. Daniel and Robinson (1971b) found that dinitrophenol 
reduced but did not deplete uterine tissues of ATP. If ATP is res- 
ponsible for vesicle maintenance, then tissues treated with DNP might 
have reduced number of vesicles but DNP might not destroy the vesicles 
as found when IAA was used. 

The effect of inhibition of oxidative phosphorylation with 
dinitrophenol (1 mM) is shown in Table 6. 

In tissues incubated in DNP, ATP was decreased to only 65% 
of that of the control after 6 hours treatment. There was a slight 
increase in sodium content and decrease in potassium content at 2, 4 
and 6 hours. However, there were no significant changes in water con- 
tent. 


The vesicles in cells of the 6-hour DNP treated tissues were 
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TABLE 5 
Effect of IAA on the number of smooth muscle cells with 


ana without membrane vesicles 


Cells 
Time Total Cells with Without ATP 
min Treatment Cells Vesicles % Vesicles % % Control 
Krebs 162 98 z 100 
20 
IAA 136 94 6 83 
Krebs - - = 100 
40 
IAA 204 84 16 10.5 
Krebs 128 98 2 100 
60 
IAA 149 93 yi 2.0 
Krebs 102 99 ] 100 
80 
IAA 175 82 18 0.8 
Krebs 160 100 0 100 
100 
IAA 128 81 19 0 
Krebs 131 98 2 100 
120 
IAA 146 44 56 0 
Krebs 154 97 3 100 
150 
IAA 164 5 95 0 


Results as indicated in Table 3. 
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Figure 7. Effect of IAA on the ultrastructure of myometrial 
cells. (a) After 40 minutes inhibition. (b) After 80 minutes 
treatment. Note that the vesicle (arrows) population has de- 
creased as compared with Figure 1 but the size of the vesicles 


remained about the same. Magnification x 24,000. 
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smaller than the controls. There was also a significant reduction in 
the number of vesicles after 6 hours DNP treatment. The diminished 
size and number of vesicles resulted in a significant decrease in to- 
tal vesicular volume and surface area. 

Figure 8 shows the ultrastructure of cells from tissues in- 
hibited for 6 hours with DNP. The structure is similar to control 


tissues as shown in Figure 2. 


Ethacrynte acid. Ethacrynic acid in high concentrations 
(1 mM) has been shown to inhibit glycolysis and oxidative phosphoryl- 
ation in uterine smooth muscle and result in ATP depletion after pro- 
longed treatment (Daniel et al., 1971d). The destruction of vesicles 
in tissues treated with ethacrynic acid should follow ATP reduction. 

In the presence of 1 mM of ethacrynic acid (Table 7), the 
tissue ATP content was reduced to 62% of the control at 2 hours and 
was almost nil at 6 hours. Tissues gained sodium and lost potassium 
after 2 hours treatment. The water content of tissues was significantly 
increased only at 6 hours. 

The membrane vesicles of cells from tissues inhibited with 
ethacrynic acid were increased in size compared with controls and 
greatly decreased in number at 4 and 6 hours. Both total vesicular vol- 
ume and surface area were significantly lower than the controls. 

The structure of smooth muscle cells from tissues incubated 
for 6 hours in ethacrynic acid (Figure 9) was identical to the struc- 
ture of IAA + DNP (Figure 3d) and IAA (not shown) treated tissues after 


ATP depletion. 


ha 
nh eove2ets mort 2f feo to swt isi papery: 
foxdnos ot webembe et -sndouste AT Ate int enuod ie 
“Sewer at nworle 23 
Y) 


snotietineanoo Aptd nf btos otayyseita Wee Dinah i 
-Tysorqeonqeavttebtxo bre 2teyfooyfe siding ot nworiz mood esd (Mar T. i 
“4g vette ootdsfagh ITA nt Stueen bas sfoeum: ftoome sntied0 tee i 
esfatesy Fo nottourtasb aly .( dT VeT | tn 4s fetast) Inomfsext : i 

\nottsubsy TA wot lo? biuade bios ofnyvosdts fiftw betseww er 

afi. ,(N asfdst) bios stryyaedsa to Ma to saneeesq oft nt = . 

bina enuon S d6 forttos ef? to £88 Gd bagubst! 2ew snegnog ITA a 7 

mutzzeteq J2oT bas murbo2 bantsp 2sueztT .ewed 3 3s Tin szomls 260 
ufsasottioot2 2aw zsueets to inssioo 18d 6eW ant .dnemiaetd etuod netee 


-2worl 2 38 yfno heessront i 


Adtw battdtiin? esuzzi2 mort 2fTso to 2elotesy ansvdmem sit 


, 


bins 2lavtnos dtiv Ssteqmoo saf2 at baessrant “ee bras tnt : 
-foy +eluotasy Teted dicd .2xvor 8 bas } ts sedmun nt bezsstosb yfssem 
.atovénos Sat nadd taWoh Yfineotttapte stew sove sostwe bne sm) 
beteduatt 2sieets moyt zilso sfozum Adoome Yo ewwours2 eft . 
-ouige ait o} Taatiaebi gow (@ srupta) bras atmevoaiige nt ewod 8 _ 
watte zou2zt? betes) (woz don) AAL bas (bE sqwptt) ws Oy Ares j 
wis 
; aes 


an a 


. 


6] 


Z STGQeL uT peyeotput se ere sy[nsey 


(€%°Z) (660°0) (TT) (76°8) (02°?) (84) (TZ) (Ss ) (0€) prow 
¥SZ°PT #lL97°0 ¥97T ¥¥72°SOT ¥ZE°EE *908T s°0 ¥VT°S ¥l¥ xL¥8 otuAzoeyAg 
(pL°T) (860°0) (zp) (pL °z) (€8°0) (Le) (80°0) (pT) (TT) ie 
L6°PE 979°0 Lv6 SO°8E ais lb T60T Oley, CEE 8PP sqeiy 
iam eieem rh eC nna MM Gen) Sen ee 
(92°4) (ZEL°0) (Z€) (LE°S) (62° L) ($9) (70°0) (0€) (67) Pptow 
#0S 6L 8bb'0 ¥€ZE bv 80 ¥l9°OL ¥8L2L (b, €v°P ¥ZLT #889 oTuAZOeYIY 
(99°€) (z80°0) (26) (12°2) (S20) (6€) (ZT°0) (oe Vz ts 
£6 82 vlb°0 Z2ot 2°82 09° 0£6 Comey, G9E 6SP sqo2y 
eee ee eee eee 
(L0°0) (8T) (Ss ) Pptow 
79 Is*h *IS@ *9L$ oOTUATOeUQT 
(90°0) (ZT) (PT) *2H 
wey ty 9SE LSP sqe1y G 
PS a 
(°ON X °TOA) (z-OT * 2") (p-OT X ¢1) Gey) 3 R 
(°ON X *W°s) uu /SOTOTSoOA sourirquoyw Rory eoezans sum TOA ATszowuetq LeEios (S28) Azp 
uw/ easy sun TOA wu/SeTOTSop aTeTNoOTSsep TeTNOTSeA ZeTNoOTsep (TO71HOS 5s) 5/5) by/seToun) Baeetge ies 
Bde 4UNS zequmnN ebexroay eberoay aberaay diw o°H yl 4 eN 


< ATavL 


(Wu T) pToe oTukToeYy;9 Jo A0az5g 


yphenyse occ Se, TUGIEVIOR FU PTO S 


_ ie 


ey lla 


ie a z a| : ; I ; ~/ a 4 
Y a6: i | : . 
A aes 
| “vy 
Fi 7. “ ie ' nee = > 
ioe ~ 
- a a! 


o°2 


Figure 8. Ultrastructure of smooth muscle cells after treat- 
ment with DNP (1 mM) for 6 hours. The vesicles (arrows) appear 


similar to those indicated in Figure 1. Magnification x 24,000. 


Figure 9. Effect of ethacrynic acid (1 mM) on uterine smooth 
muscle cells. The cells contain no vesicles and they are sim- 
ilar to cells depleted of ATP shown in Figure 3d. Magnifica- 
Dionex. 24. 000% 
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é. Effect of Ouabain 


Quabain, which inhibits transport ATPase, caused Na* gain 
and K* loss in uterine tissues but it did not decrease ATP levels 
or produce water gain (Daniel and Robinson, 1971a). Thus, a second 
ouabain-insensitive volume pump was postulated. If this pump is 
associated with the vesicles, then ouabain should have no effect 
on the vesicles. 

Quabain had little effect on the ATP content of tissues mea- 
sured at 2, 4 and 6 hours (Table 8). Ouabain only slightly increased 
the sodium content of tissues in relation to dry weight (ca. 25% in- 
a whereas less than one-fourth of the initial potassium remained. 
Water contents of ouabain-inhibited tissues were reduced, possibly 
accounting for the failure of sodium gain to equal potassium loss. 

Treatment with ouabain for 2 hours did increase the number 
of vesicles of smooth muscle cells; however, there was no significant 
increase at 6 hours (Table 8). The average size of the vesicles was 
increased significantly at 6 hours. The reason for the increased ves- 
icular size was found to be due to two populations of vesicles after 
ouabain inhibition; the normal sized vesicles (ca. 1000 A diameter ) 
and vesicles of increased size ( ca. 1800 A diameter). The larger 
vesicles were found both on the surface and intracellularly as shown 
in Figure 10. The larger vesicles had no visible connections to the 
extracellular space. 

Since ouabain causes contracture of uterine smooth muscle, 
tissues were incubated with ouabain in the presence of Z-adrenaline 


(2 ug/ml, 10 uM). Adrenaline has been shown to inhibit ouabain pro- 
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Figure 10. Uterine smooth muscle cells after 6 hours treat- 
ment with ouabain (1 mM). Note the presence of two types of 
vesicles. Smaller vesicles like those found in control tissues 
(arrows) and larger surface and intracellular vesicles (double 


arrows). Magnification x 24,000. 


Figure 11. Smooth muscle cells from tissue made Na’-rich by 
overnight incubation in K*-free Krebs-Ringer at 5°C. The mem- 
brane vesicles (arrows) were reduced in number but otherwise 
the cells appeared normal compared with tissues incubated in 


Krebs-Ringer at 25°C. Magnification x 24,000. 
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duced contraction but adrenaline does not inhibit the effect of oua- 


bain on sodium transport in the myometrium (Daniel, 1964). In the 
presence of adrenaline, the effects of ouabain on cations, water 
content and ultrastructure were similar to those obtained in the 


absence of adrenaline at two hours (Table 8). 


4. Sodtum-rich Ttssue 


Previous studies indicated that when tissues were made so- 
dium-rich at 5°C they gained Na” and lost K* but they did not-always 
swell (Daniel and Robinson, 1970c; Rangachari, 1972; Rangachari et al., 
1972). When sodium-rich tissues were rewarmed in K*-free Krebs- 
Ringer at 37° they lost Na’, Cl and water and the tissues contract- 
ed. Rangachari (1972) further noted that iodoacetamide and Canes 
free solutions, which had no effect on ATP levels, inhibited the 
loss of sodium, water and contraction which occurred during rewarming. 
Rangachari et al. (1972) suggested that a mechanochemical system 
associated with the membrane might be involved in the sodium and 
water loss. If the membrane vesicles of smooth muscle cells are 
sites of a mechanochemical system, then rewarmed Na’-rich tissues 
should have altered vesicle structure or number than those found 
in cold Na’-rich tissues. This alteration in vesicle size or number 
could be prevented by iodoacetamide or Ca’ ’-free solutions. The 
object of studying Na*-rich tissues was to test the above hypothesis. 

Pieces of sodium-rich tissues for electron microscopy were 
taken from the same uterine horn (cervical end) after 24 hours incuba- 
tion at 5°C and after rewarming the tissue for 20 minutes at cyte 


(Groups A & B, Tables 9, 12, 13). After rewarming, the remaining 
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piece of tissue was used to measure cation and water contents. The 
paired horn was handled in a similar manner but treated before and 
during the rewarming period (Groups C & D, Tables 9, 12, 13). 

Tissues made Na*-rich by incubation in K"-free solution 
at 5°C, gained water (Group A, Tables 9, 12, 13). The same tissues 
lost water upon rewarming in the same solutions (Group B, Tables 9, 
12, 13). These results are similar to those obtained by Daniel and 
Robinson (1970) and Rangachari (1972). 

The ATP content of sodium-rich tissues was reduced to 72% 
that of the controls (fresh tissue). The ATP content of rewarmed 
tissues was not measured; however, Rangachari (1972) found that the 
levels were not significantly different from those measured before re- 
warming. 

The vesicular diameter of Na -rich tissues fixed for elec- 
tron microscopy before rewarming was sometimes significantly larger 
than that of the rewarmed tissues (Group B vs.A, Tables 9, 12, 13). 

The number of vesicles along the cell membrane of sodium- 
rich tissues was always approximately one-half that found in control 
fresh tissues (Group A, Tables 9, 12, 13 vs. Table 2). Rewarming 
caused a significant increase (30 to 50%) in the number of vesicles 
when compared with cold sodium-rich tissues but the resultant number 
of vesicles was usually less than that found in control fresh tissues 
(Group B, Tables 9, 12, 13 vs. Table 2). 

Thus, in the cold there was little change in vesicle size 
but the number of vesicles per unit length of membrane was less. Re- 
warming, under conditions in which the Na’-K"-ATPase was inhibited 


(K -free solutions), caused a significant increase in vesicle number. 
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Todoacetamide. There was significantly more Na’ in tissues 
rewarmed with iodoacetamide (Group D vs. B, Table 9). TIodoacetamide 
also inhibited the water lost during rewarming. 

Rewarming of tissues with IAAmide caused a significant in- 
crease in size, number and volume of the vesicles from measurements 
of vesicles in tissues taken at 5°C with IAAmide, but the vesicle 
size was not different from tissues rewarmed without IAAmide. 

Figure 11 shows the structure of cells from sodium-rich 
tissue. There was no apparent damage to cells after 24 hours incuba- 
tion at 5°C. The mitochondria were all in the condensed state as des- 
cribed by Hackenbrock (1966) and neither the endoplasmic nor nuclear 
membranes were swollen. The structure of rewarmed tissues was similar 
to that of control fresh tissues incubated at 25°C (Figure 2). The 
presence of IAAmide did not change the structure of either the cold or 


rewarmed tissues. 


Ca’? -free. When tissues were incubated overnight in tat 
free solutions, the tissues ‘gained water compared to fresh weights 
(Table 10). The presence of oy was necessary for the loss of Na* 
and water when the tissues were rewarmed. 

The vesicles increased significantly in number in tissues 
rewarmed in solutions containing aa (Group C vs. D). Without Cae 
in the rewarming solution, the vesicles were greater in size (Group 
A vs. B) as when IAAmide was present in the rewarming solution (Table 
OyecroursGeve. 0D). erhus. ca. - was necessary for the Na’ -K"-ATPase- 
independent Na* and water loss as well as the increase in vesicle num- 


; cee : 
ber upon rewarming of Na -rich tissues. 
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Quabain. Rangachari et al. (1972) found that Na’-rich 
tissues rewarmed under conditions of Na*-K’-ATPase activity ( i.e., 
in normal Krebs-Ringer solution which contained K*) also lost water 
but the tissues did not contract. Ouabain did not affect the water 
loss. Rangachari proposed that the loss of water was due to a mechano- 
chemical event in the membrane unrelated to either activity of Na’- 
K”-ATPase or contraction of the entire tissue. 

If the above hypothesis is true and if the vesicles are 
the loci of the mechanochemical system, Na’-rich tissues rewarmed 
+ ouabain in normal Krebs-Ringer solution should be identical to 
tissues rewarmed in K'-free solutions. 

There was no difference between sodium-rich tissues rewarmed 
in normal Krebs-Ringer with ouabain and tissues rewarmed without 
ouabain (table 11). There was a significant inhibition in the uptake 
of potassium in tissues rewarmed with ouabain. Water contents of both 
groups of rewarmed tissues were decreased compared with tissues in 
the cold. However, when ouabain was present during rewarming (Group 
D), the water contents of tissues were even less than those tissues 


rewarmed without ouabain (Group B). 


The vesicular diameter was greater in sodium-rich tissues 
rewarmed in normal Krebs-Ringer (K*-conta ining) than vesicles of Na- 
rich tissues which were not rewarmed, but the number was less, resul- 
ting in little change in total vesicular volume or surface area (Group. 
A vs. B, Table 11). The presence of ouabain in the rewarming solution 
caused an increase in size and an increase in number of vesicles. In 
fact, ouabain increased the number of vesicles to more than twice as 


many as present in tissues rewarmed without ouabain (Group B vs. D). 
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The total vesicular volume and surface area were also twice as great 
when ouabain was present. The vesicle size may have already increased 
with ouabain in the cold (Group C vs. A). The values obtained when 
ouabain was present in the rewarming solution (Table 14, Group C -vs.D) 
were similar to values obtained when tissues were rewarmed in K-free 
solutions (Table 9, Group A vs. B). Thus, inhibition of Na*-K*-ATPase 
during rewarming with either ouabain or K*-free solutions caused in- 
crease in vesicle number relative to control .Na’-rich tissues at 5°C. 
Rewarming of tissues under conditions of Na’ -K’-ATPase activity did 
not produce the expected increase in vesicle number. 

The structure of rewarmed tissues treated with ouabain was 
similar to fresh tissues treated with ouabain (Figure 10). There were 
large intracellular vesicles as noted when fresh tissue was treated 


with ouabain. 


5. Substitution of other cations 


To see if other cations would substitute for Na+, tissues 
were incubated at 5°C for 24 hours in solutions enriched in either K" 
or Li’. These tissues were then rewarmed at 37°C for 20 minutes in 
the same solutions. 

Like tissues made Na’-rich in the cold and rewarmed in K- 
free solutions, tissues made K*-rich in the cold and rewarmed in ee 
enriched solution also lost water and the vesicular number and volume 


increased (Group A vs. B, C vs D; Table 12). 
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am ae : Sa ee 
As compared to Na -rich tissues, Li -rich tissues did not 
lose water when rewarmed, the vesicular size increased Significantly 


and the vesicular number decreased significantly (Table 13). 


6. Effects of Vartous Other Treatments 


Tissues were also examined qualitatively after various 
other treatments (Table 14). 

To determine if the movements of Na’ and K’ alone without 
ATP depletion were responsible for vesicle destruction, tissues were 
made K’-rich ina K*-Krebs-Ringer solution (K"-substituted for Na’, 
Group A). The vesicles in tissues made K’-rich were similar to 
tissues incubated in normal Krebs-Ringer solution, The addition of 
IAA (1 mM) to the solution for 2 hours depleted the tissues of ATP, 
caused a gain in water and destroyed the vesicles. 

Tissues inhibited with IAA (1 mM) for 30 minutes and then 
incubated in pyruvate for 2 hours were studied to see if pyruvate 
could overcome the glycolytic blockade produced with IAA (Group B). 
Pyruvate, but not glucose, was able to maintain the ATP content of 
tissues inhibited with IAA at approximately the same level 
of ATP the tissues contained after 30 minutes inhibition with IAA alone 
(see Table 4). There were vesicles present in the tissues incubated 
with pyruvate but none present in the tissues incubated in glucose. 

Tissues were incubated in Krebs-Ringer without glucose but 
with DNP (1 mM) or bubbled with nitrogen (95% N. - 5% CO.) to see the 
relationship between ATP tevels and the presence of vesicles in the 


tissue (Group C &D). The ATP content of DNP treated tissues was re- 
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duced to 20% that of the control after 4 hours. Nitrogen reduced the 
ATP content to 32% of the control level after 8 hours. Neither sub- 
Strate depletion with DNP nor with nitrogen asphyxia produced any 
changes in vesicular structure. 

Tissues incubated in Krebs-Ringer with IAA + DNP (1 mM each) 
+ ATP ( 1 mM) were studied to see if exogenous ATP could support the 
membrane vesicles (Group E). The presence of ATP with the inhibitors 


did not alter the electrolyte or vesicular changes. 
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D. Discussion 
1. Correlation of results wtth the vestcular Hypothests 


The foregoing ultrastructural study supports the vesicular 
hypothesis proposed by Goodford et at. (1968) and Daniel and Robinson 
(197 1c)ey ina s Study presents evidence which indicates that the mem- 
brane vesicles have several properties in common with the volume 
pump described by Daniel and Robinson (1971a, b, c) and Rangachari 
et al. (1972). These properties include the following: 

(a) The volume pump requires ATP; the vesicles are also 

ATP-dependent in that they disappear following depletion of ATP. 

(b) Inhibition of metabolism is accompanied by cation 
changes and loss of volume control; after metabolic inhibition, 
Changes in vesicular structure precede or are accompanied by 
changes in cations and volume. 

(c) Treatment of fresh tissues with ouabain does not 
inhibit the volume pump; ouabain does not affect the number 
of vesicles in fresh tissues. 

(d) A gain in water occurs when tissues are made Na’- 
rich in the cold, and these tissues lose water when rewarmed; 
the vesicle number is reduced in tissues incubated in the cold 
and the vesicle number increases when these tissues are rewarmed 
under conditions thought to inhibit Na*-K*-ATPase. 

(e) The loss of water from Na’-rich tissues during rewarm- 
ing is Ca’*-dependent; the increase in vesicle number during 


: § +4 
rewarming also requires Ca . 
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(f) The volume pump is not specific for Na’: the increase 


in vesicle number upon rewarming of tissues incubated in the cold 


is not dependent upon Na’ (Ka but not ines will substitute for Na’). 


ATP-dependence. Complete depletion of ATP with metabolism 
inhibitors resulted in complete loss of normal sized vesicles in smooth 
muscle. Inhibitors which reduced the ATP content of tissues to below 
90% of the normal level reduced the number of membrane vesicles. Cool- 
ing also decreased the number of vesicles with the level of ATP about 
75%. These findings support the concept that a certain amount of ATP 
is necessary for vesicle maintenance. However, the correlation be- 


tween vesicle number and ATP content of tissues is more complex than 
originally believed. 


To analyze the relationship between ATP content and vesicle 
number in tissues, initial considerations of possible models is helpful. 
For any individual cell, vesicle number can be assumed to be some 
function of the ATP level such that as the ATP level falls, vesicle 
number falls. This relationship may involve (a)eaesteps sine. ea 
reduction below threshold of ATP may be required before vesicle change 
occurs or (b) a lag; i.e., a time delay between ATP depletion and its 
effect on vesicle number or both. When dealing with a tissue composed 
of a multitude of cells, the decrease in ATP content of the tissue 
with time could occur in different ways. 

(a) A simultaneous decrease of ATP in all cells (all 


cells are the same initially and react identically). 
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Figure 12. The change in vesicular number with change in ATP. This 
figure is a composite of data obtained from all experiments with 


fresh tissues. This curve was found to fit these points as analyzed 


by linear regression analysis. 


Figure 13. The change in vesicular volume with change in ATP. Data 


from fresh tissues as in Figure 12. 
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Figure 12 
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Figure 14. Effect of metabolic inhibition with IAA + DNP on ATP 


and vesicle changes. Data from Tables 2 and 3. 


Figure 15. Effect of metabolic inhibition with IAA on ATP and ves- 


icular changes. Data from Tables 3 and 4. 


Figure 14, IAA + DNP (1 mM each) 
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(b) A differential effect in which some cells con- 
tain their normal or a lower complement of ATP whereas 
others contain none due to either different sensitivities 
of the cells to metabolic inhibition or due to initial 
variation among cells in ATP content. 

The threshold level of ATP necessary to maintain both vesicle 
number and vesicle size was approximately 10% of the control levels 
(Figures 12 and 13). These figures were drawn using data from all 
the experiments with fresh tissues in which ATP level was altered. 

Shortly after complete ATP depletion, all smooth muscle 
cells contained essentially no vesicles (Tables 2, 3, 4 and 5 he ele 


a simultaneous decrease of ATP occurred in all cells, a decrease in 


ATP content below the threshold level should produce decreases in ves- 
icular number shared by all cells which should precede the decline in 
the number of cells with vesicles. If the cells contained different 
amounts of ATP initially, the proportion of cells with no vesicles 
ought to parallel the decrease in numbers of vesicles. The necessity 
for studying the alternatives is obvious if a relationship between 


ATP and vesicle number is to be made. 


There was a rapid decrease in ATP content of tissues inhib- 
ited with either IAA + DNP or IAA alone (Figures 14 and 15 )ATPTHIS was 
followed, after a lag period which was longer in IAA than in IAA + DNP, 
by a simultaneous reduction in the number of vesicles per unit length 
of membrane and changes in the percentage of cells with vesicles. 

These results are consistent with a postulate that cells differ in 


respect to initial ATP contents and react correspondingly when in- 
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hibited metabolically. Another model one could postulate is that the 
ATP levels are constant in all cells at time zero and sensitivities 
and delays vary in different cells when inhibited. 

The lag period between ATP and vesicle depletion could be 
accounted for if ATP depletion causes a chain of events, each event 
requiring a finite time, the sum of which is a lag before the ob- 
served disappearance of vesicles. The difference in lag periods 
seen after inhibition with IAA + DNP and IAA alone could be related 
to swelling and destruction of vesicles which occurs only with IAA 
+ DNP. 

Keeping tissues for 24 hours in K’-free Krebs-Ringer at 5°C 
decreased the number of vesicles to one-half that found in control 
tissues incubated at 25°C (Tables 9, 12, 13). This procedure did not 
decrease the ATP contents below the threshold of ATP necessary for 
vesicle maintenance found with metabolic inhibitors (70%epenl 02). 
Thus, the ATP content cannot account for the decrease in number of 
vesicles. Perhaps ATP utilization is low in the cold. If so, cooling 
decreases the rate of vesicle formation more than it slows vesicle 
disappearance. Rewarming may reverse this condition accounting for 
the accompanying increase in vesicle number. 

In red blood cells, there is good evidence that ATP and not 
other nucleotides supply the necessary energy for transport processes 
(Hoffman, 1960; Garrahan and Glynn, 1967). Since red blood cells con- 


tain no mitochondria or enzymes for oxidative phosphorylation, ATP 
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must come from glycolysis. In smooth muscle, both oxidative phosphor- 
ylation and glycolysis are present (Needham and Shoenberg, 1967; Dan- 
jel et al., 1971d). Much work has been devoted to the source of ATP 
used by smooth muscle for contractility or transport phenomena. Uter- 
ine smooth muscle contains much less ATP than skeletal muscle (Walaas 
and Walaas, 1950a,b). The inability of smooth muscle to contract as 
many times as skeletal muscle after treatments with IAA and No was 
attributed to differences in ATP content in the two muscles (Csapo 

and Gergely, 1950). Daniel and Robinson (1960) proposed that the 
main source of ATP for uterine smooth muscle ion movements was from 
glycolysis based on studies with several metabolic inhibitors. More 
recent evidence indicates that ATP from glycolysis can support both 


contractility and ion pumping in rat uterine smooth muscle. Inhibitors 


used to inhibit glycolysis, so that the utilization of ATP derived 
from oxidative phosphorylation could be studied, also inhibit contrac- 
tility (Rangachari et al., 1972; Daniel et aZ., unpublished). In 
guinea pig papillary muscle, ATP produced by oxidative phosphoryla- 
tion is believed to be used for both transport and contractility 
while glycolytically produced ATP is thought to be used preferen- 
tially for transport (Prasad and Macleod, 1969). 

Results from this study showed that inhibition of both gly- 
colysis and oxidative phosphorylation with IAA + DNP or IAA alone 
produced a depletion of both ATP content and the number of vesicles 
in the cells. The uncoupling of oxidative phosphorylation with DNP 


alone produced a decrease in ATP of only 35%, compared with the con- 
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trol, and then only after 6 hours treatment (Table 6). Similar changes 
in ATP contents of tissues were noted by Daniel and coworkers (1971d) 
after use of the above inhibitors. There were no changes in the num- 
ber of cells with vesicles after DNP treatment although the vesicle 
number per cell was lower. These results suggest that glycolysis can 
maintain an appreciable ATP content in smooth muscle cells but indicate 
that glycolysis cannot maintain the initial level. 

When glycolysis was inhibited with IAA and pyruvate was 
added as a substrate for oxidative metabolism, the ATP content of 
tissues was maintained at 10% of the control and vesicles were still 
present (Table 14). It is not known whether ATP was maintained at 
this low level due to a decrease in ATP in all cells or a complete 
depletion of ATP in 90% of the cells. Most likely some cells contained 


their normal complement of ATP as the vesicles in a few cells appeared 


near normal in structure. It is unlikely that a decrease of 90% of 

the ATP in all cells would result in near normal vesicles in some cells 
Since this is approximately the threshold level of ATP necessary to 
maintain the vesicles or unless ATP from oxidative metabolism is used 
preferentially for vesicle maintenance only in such cells. 

The failure of exogenously provided ATP to prevent vesicle 
destruction during metabolic inhibition (Table 14) probably indicates 
that ATP will not cross the cell membrane where it is needed for ves- 
icle maintenance. In any case, ATP added outside cells is very rapidly 
hydrolyzed (see Allen and Daniel, 1964). 

No evidence for a selective use of ATP from glycolysis or 
oxidative phosphorylation for the vesicular mechanisms was provided 


in the study described in this thesis. 
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In summary, the experiments described here were attempts 
to correlate the ATP content of tissues with the presence or absence 
of membrane vesicles in smooth muscle. When tissues were inhibited 
metabolically, a reduction in ATP content to 10% of the control levels 
was followed by a reduction in vesicle number and an increase in ves- 
icle size. When ATP was rapidly depleted from the tissues a depletion 
of vesicles in the cells followed. These results are consistent with 
the postulate that membrane vesicles in uterine smooth muscle are 


maintained by ATP. 


Sequence of changes. In the experiments with fresh myomet- 
rium, results of ATP, cation and water contents were similar to those 
reported by Daniel and Robinson (1971a,b,c) on studies made of whole 
uterine tissues. Metabolic inhibition with IAA + DNP or IAA caused 
ATP depletion, Na’-gain, K*-loss and swelling of tissues. Similar 
Changes associated with similar ATP reduction occurred with ethacry- 
nic acid treatment as observed by others (Daniel et al., 1971d; Batra 


and Daniel, 1971). 


Metabolic inhibition of fresh tissues with IAA + DNP caused 
the following sequence of events in uterine smooth muscle (Tables 2 
and 3). 
(a) Decreased ATP content (5 - 10 minutes). 
(b) Increased number of cells with swollen vesicles 
2.5 - 10 minutes). 
(c) Decreased number of vesicles (10 minutes) and an 


increased vesicular size (5 minutes). 
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(d) Increased tissue Na* content (20 minutes) and a 
decreased K’ content (10 minutes) along with a substan- 
tial increase in the number of cells without any observed 
vesicles. 

(e) Increased H,0 content (30 minutes). 

This sequence of events is consistent with the vesicular 
model proposed by Daniel and Robinson (1971c). When ATP is decreased 
rapidly by IAA + DNP, the Na* postulated to be bound within the ves- 
icles at ATP-dependent sites would be released. Vesicle formation 
would also be decreased, if ATP is necessary for vesicle formation. 
There was a decrease in vesicle number following ATP reduction. The 
active extrusion of Na™ by any mechanism would be prevented by ATP 
depletion which accounts for the increase in Na” content and decrease 
in KY content. After the loss of cellular K for extracellular Na’, 
probably because of inhibition of transport ATPase, the subsequent net 
gain in tissue water and in cellular Na” (with Cl ) probably resulted 


from later inhibition of the vesicle pump. 


Vestele swelling. The possible explanations for apparent 
vesicular swelling with IAA + DNP are (a) a direct effect of the in- 
hibitors on the vesicle membrane or on a contractile element within it 
to produce relaxation; (b) a coalescence of small vesicles to form 
larger vesicles; or (c) a distention of closed vesicles caused by the 
entry of water after the release of bound, osmotically inactive Na” 
within the vesicles secondary to a reduction in ATP. 

Vesicular swelling did not occur with DNP treatment or 


consistently with IAA treatment. This indicated that neither DNP 
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nor IAA alone had marked direct effects on vesicular structure and pro- 
vided evidence against the first explanation above. If swelling of 
vesicles was linked to coalescence of vesicles (b above), then swelling 
should always be accompanied by reduced number of vesicles. This was 
not always true (i.e., IAA). Vesicular swelling could be related to 
the rapid decrease in ATP and release of Na” within the vesicles at a 
time when most of the vesicles are filled with Na’ (c above). The Na 
released within the vesicles after IAA + DNP as a consequence of re- 
duced ATP would cause water to move into the vesicles from the cyto- 
plasm, increase the hydrostatic pressure within the vesicles and pro- 
duce distention. In order for swelling to occur by this mechanism, 

the release of Na’ must be more rapid than can be dissipated by diffu- 
Sion and the vesicular membrane must be elastic. 

If the increase in hydrostatic pressure is responsible for 
vesicular swelling, the vesicles must be closed or some restriction 
must be present at the neck of the open vesicle to prevent the Na* 
and water from flowing out of the vesicle to the extracellular 
fluid. There is no evidence for smooth muscle that membrane vesicles 
are ever closed completely and permanently from the extracellular Space. 
Vesicles are often seen with no opening to the extracellular space but 
this probably means that the section is through the main body of the 
vesicle and does not include the connection to the exterior. Electron 
dense tracers, which are thought to penetrate the plasma membrane, have 
been used to study vesicles in smooth muscle. Lanthanum applied as a 
colloidal suspension during fixation (see Figure 4, and Devine and 


Somlyo, 1970) and ferritin provided to fresh tissues before microscopy 
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preparation (Somlyo et aZ., 1971) have been found in vesicles, indic- 
ating communication channels to the extracellular Space. A tracer 
such as ferritin, applied to living cells, could enter a vesicle when- 
ever it is open to the extracellular Space but lanthanum applied to 
fixed cells, would only enter vesicles with openings to the exterior. 
Thus, finding of ferritin within vesicles does not exclude that these 
vesicles may not have been closed at some stage of its existence. Such 
a finding with lanthanum has different implications. We do not know 
what fixation does to the vesicles. Perhaps fixation causes all ves- 
icles to open and remain so. Freeze-etch techniques have also shown 
open vesicles but these too were demonstrated on glycerol-treated or 
fixed tissues (Devine et al., 1971; Wolowyk, personal communication). 
It should be noted too, that in no study has evidence been presented 
that all vesicles contain markers. 

Closed vesicles, similar in size and structure to those of 
smooth muscle, have been demonstrated in endothelial cells by serial 
sectioning (Bruns and Palade, 1968b). However, the validity of serial 
sectioning for the demonstration of closed vesicles is questionable 
Since the vesicle size (1000 A) is slightly greater than the section 
thickness (600 A). Thus the vesicle neck which is much smaller (300 A) 
may not be visible within the section. Therefore, the question of 
whether membrane vesicles are ever closed remains unanswered. Even 
if they are all open, diffusion delay in their necks could account for 
the swelling observed in IAA and DNP. 

The changes which occurred in tissues inhibited with IAA alone 


were not as rapid as when DNP was also present. The absence of con- 
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sistent vesicular swelling could be related to the’slow decline in ATP. 
Perhaps the vesicles did not swell because Na’ was released more slowly 
and leaked out of the vesicles through the necks or into the cytoplasm 
and did not accumulate in the vesicles. Another possibility is a sel- 
ective action of IAA on membrane contractile function to open all the 
vesicles assuming that they are closed. 

Ethacrynic acid, which inhibits glycolysis and oxidative phos- 
phorylation in uterine smooth muscle in the concentrations used (Daniel 
et al., 1971d), probably had effects similar to IAA. The vesicles were 
greatly increased in size and decreased in number after 4 and-6 hours 
treatment when ATP was absent in the tissues. 

The apparent continuous swelling of vesicles after ATP deple- 
tion with IAA + DNP was probably due to different sensitivities of the 
cells. After 40 minutes treatment with IAA + DNP, there were only 
cells with swollen vesicles and cells with no vesicles (Table 3 ). 

With IAA, there was a small transient vesicular swelling (60 minutes) 
which may have been due to osmotic forces, elasticity and eventual 
equilibrium. The swelling which occurred later with IAA and ethacry- 


nic acid may be due to their direct effect on the membrane. 


Inhtbttion of transport ATPase. If formation of membrane 
vesicles in smooth muscle is dependent on the ouabain-insensitive 
pump (Daniel and Robinson, 1971c), treatment of tissues with ouabain 
should not affect vesicular structure. The results conformed to the 
predicted model. Ouabain had no effects on the number of membrane ves- 
icles in fresh tissues. However, ouabain may have increased the activ- 


ity of the volume pump as noted by decreased water content after treat- 
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ment. The decreased water content was not caused by contraction pro- 
duced by ouabain as the water loss was not blocked by adrenaline which 
inhibits ouabain-induced contraction (Daniel, 1964). 

There were significant increases in vesicular number (2 hours) 
and size (6 hours) after ouabain treatment (Table 8). These changes 
may correspond to an increase in volume pump activity with ouabain. 

The large vesicles seen after ouabain treatment could be intracellular 
in origin and/or location but further work is necessary to define their 
nature. Perhaps these large vesicles are related to an increase in 
activity of the volume pump. The large vesicles could correspond to 
vacuoles seen in endothelial cells after ouabain treatment (Kaye et 
al., 1965). 

When ouabain was present in the rewarming solutions of Na" - 
rich tissues, the tissues lost more weight than the controls and the 
vesicular population increased (Table 10). As in fresh tissues, oua- 
bain may have increased the activity of the volume pump. 

The stimulus for activation of the volume pump could be 
(a) a direct effect to activate some step in the volume pump (i.e., 
vesicle formation, discharge or both) or (b) inhibition of Na*-K*- 
ATPase stimulates the volume pump via some feedback system (i.e., 
more ATP or intracellular Na~ is available for the votume ‘pump when 
the Na"-K*-ATPase in inhibited). 

Ouabain may act directly to stimulate both formation and dis- 
charge of the vesicles. This would account for the insignificant diff- 
erences between the number of vesicles in the control and ouabain 


treated tissues at 6 hours. Another plausable model is that the stim- 
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ulus for decreased volume is related to a feedback mechanism common 

to the volume pump and Na’-K*-ATPase. Evidence to support this recip- 
rocal relationship comes from the observations that when the Na*-K’- 
ATPase was inhibited (rewarming tissues in ouabain or K'-free solutions) 
there was a decreased water content accompanied by increased number 

of vesicles. When the Na’-K*-ATPase was allowed to function (rewar- 
ming of Na*-rich tissues in normal Krebs), the water content: de- 
creased, but the vesicles did not change or decreased significantly 

in numbers. Possibly ATP availability at the membrane is responsible 
for this feedback phenomenon or it could be [Na"].. When metabolically 
inhibited, fresh tissues could use ATP preferentially for the volume 
pump. This would explain Na* gain and K* loss occurring before H,0 
gain during ATP reduction with metabolic inhibitors. Under conditions 
in which [Na"], was increased (Na*-rich tissues) but when tissues were 
not inhibited metabolically, the ATP could be used preferentially by 
Na*-K*-ATPase. This would explain why no changes or decreased vesi- 
cles were found during rewarming of Na*-rich tissues under conditions 


of maximal Na’-K"-ATPase activity (rewarming in normal Krebs). 


Evidence for a ca** dependent mechanism. In part of this 
study, Rangachari's (1972) results with Na*-rich tissues were confirm- 
ed. Tissues made Na*-rich by cooling and then rewarmed in K"-free 
solution lost weight. The loss of weight from rewarmed Na’-rich tissues 
was prevented by the presence of IAAmide or with Ca" ’-free solutions. 
When tissues were treated with IAAmide during rewarming, in the same 


concentrations and under identical conditions to those Rangachari (1972) 
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found did not affect the ATP but inhibited water loss, the vesicles 
were significantly increased in number as were the controls which lost 
water. IAAmide did not affect the formation of vesicles possibly be- 
cause the ATP was not diminished. Perhaps IAAmide acts directly on a 
vesicular element to inhibit discharge. Inhibition of discharge may 
then inhibit formation of vesicles by some feedback system. 

The presence of Cane was necessary for the weight loss and 
increase in vesicular number during rewarming in k*-free solutions. 
Possibly a Ca**-dependent ATPase located around the vesicles is res- 
ponsible for the operation of the volume pump as suggested by Ranga- 
chart (1972). A Ca**-dependent ATPase responsible for cell volume has 
also been proposed for kidney cells (Rorive and Kleinzeller, 1972). 

Quabain and rewarming Na*-rich tissues in K" free solutions 
results in contracture of the tissue (Daniel, 1964; Rangachari et al., 
1972). One possible model ruled out by other studies was that the’ water 
loss observed with ouabain and during rewarming was due to a loss of 
water from the extracellular space caused by contracture of the tissue 
rather than a loss of isotonic solution from the cells caused by a 
mechanochemical system. The ouabain induced contracture can be pre- 
vented by adrenaline (Daniel, 1964) but the water losses were not in- 
hibited. Also, rewarming Na’-rich tissues in normal Krebs-Ringer re- 
sults in hyperpolarization and Peteeatien (Taylor et aZ., 1970) but 


the tissues still lost water under these conditions. 


+ 
Non-spectfictty. K" was able to substitute in place of Na 


in the water loss and stimulating the increase in vesicle number 
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during rewarming. Solutions with high K* concentrations could inhibit 
Na’ -K"-ATPase in rat myometrium as observed for other tissues (Skou, 
1965). Thus, like ouabain and K*-free solutions, whenever the Na’ -K’- 


ATPase was inhibited both the volume pump activity and the number of 
vesicles increased and in this case stimulated by fat, 


+ 
Li’, on the other hand, will not substitute for Na’ in the 
+ + F 
Na -K -ATPase enzyme reaction (Skou, 1965) and may not substitute for 
“EWS j ‘ 
Na in stimulation of volume pump. This accounts for the lack of in- 
creased vesicles and lack of water loss in Li-rich tissues rewarmed 


. + : 
in Li. solutions. 


2. Vestele Structure, Stze and Distrtbution 


Both the plasma and vesicular membrane of uterine smooth 
muscle are composed of three layers approximately 80 A Chick saints 
estimate corresponds to measurements of smooth muscle plasma membrane 
of rat vas deferens (70 - 110 A) reported by Burnstock (1970). Earlier 
estimates of 150 - 250 A thickness (Mark, 1956; Bergman, 1958) could 
be due to technical difficulties such as poor resolution with the el- 
ectron microscope or earlier methods of tissue preparation. 

The vesicles are almost spherical in uterine smooth muscle 
with average diameters of about 1000 A. The vesicle size in vascular 
and intestinal smooth muscle has been estimated at 700 to 2500 A 
(Caesar et al., 1957; Prosser et aZ., 1960; Rhodin, 1962; Simpson and 
Devine, 1966). This range of sizes could be related to the various 
methods of fixation used, since permanganate fixation results in smaller 
vesicles than glutaraldehyde or osmium fixation (Yamauchi and Burnstock, 


1969). 
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Two sizes of vesicles were found in several types of smooth 
muscle studied by Prosser and coworkers (1960). They noted that the 
larger vesicles (0.1 - 0.3 uy) were usually beneath areas of smaller 
surface vesicles and that a mixture of large and small vesicles formed 


longitudinal rows down the muscle cell. Fifteen to twenty rows of 


vesicles per cell were estimated by the above workers based on distances 
between vesicles and the cell diameters. Longitudinal rows of vesicles 
in smooth muscle cells have repeatedly been found but the significance 
of this arrangement is unknown (Simpson and Devine, 1966; Gabella, 1971; 
Wells and Wolowyk, 1971). Perhaps the organization of vesicles into rows 
is related to the longitudinal orientation of (1) mitochondria and/or 
endoplasmic reticulum or (2) the attachment sites of filaments. A 
close association between vesicles and mitochondria (Wolowyk, personal 
communication) or endoplasmic reticulum (Gabella, 1971, 1972; Som] yo 

et al., 1971) has been described for smooth muscle. On the other hand, 
vesicles appear in membrane areas not occupied by the dense areas which 
are thought by some to be regions of: myofilament attachment (Lane, 

1965; Nemetschek-Gansler, 1967). 

The smooth muscle cells examined in this quantitative study 
were all cut in cross-section so that the chance of bias was removed. 
Control tissues sectioned in this manner contained approximately 1000 
vesicles per millimeter of-membrane. This number of vesicles was 
very consistent in control tissues and it did not vary much even af- 
ter incubation of tissues up to 6 hours in Krebs-Ringer solution. 

This indicated that the method used for vesicle measurements was rel- 


jable. 
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The vesicular membrane has been estimated to increase the 
area of the plasma membrane of mouse intestinal smooth muscle by 25% 
based on surveys of large numbers of prints of longitudinal and cross- 
sectioned cells (Rhodin, 1962). Similar measurements of guinea-pig 
taenia coli have yielded an estimated increase in membrane area as 
high as 70% (Goodford, 1970). The reason the two estimates disagree 
could be due to the species differences or differences in methods of 
Fixation. Vesicles arethought to vary in number because of tissue 
and species differences (Rhodin, 1962), maturity of cells and between 
fixatives used (Yamauchi and Burnstock, 1969). 

Taking the average number of vesicles along the membrane of 
control tissues (ca. 1000 vesicles/mm or 1 vesicle/u, Table 2), the 
estimated vesicular density on the surface of smooth muscle cells 
would be 10 vesicles/y?. With this population of vesicles and the 
surface area of a 1000 A vesicle (0.0314 2), one can compute that 
the vesicles would increase the membrane area by 31.4%. This calcul- 
ation is remarkably close to the calculation for intestinal smooth 
muscle (25%, Rhodin, 1962). 

Perhaps Na*-K"-activated ATPase enzymes are located on the 
vesicular membrane. Repeating units, outlined by electron dense lan- 
thanum, were found only along the vesicular membranes. Similar treat- 
ment of chloride cells of marine animals revealed similar particles 
associated with vesicles and tubules which were believed to function ~ 
in electrolyte transport (Ritch and Philpott, 1969). More particles 
within the vesicular membrane were observed in freeze-etch studies of 
guinea-pig taenia coli (Wells and Wolowyk, 1971). Perhaps Na-K’ - 


ATPase enzymes are preferentially located or optimally active on the 
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curved vesicular membrane. 


5. fate of Vesteular Pumping 


Daniel and Robinson (1970) calculated that the Na’ efflux 
from cells of the fast cellular fraction (vesicular) in fresh tissues 
was approximately 5.9 pmoles Na* cm-* sec'?. Taking the concentration 
of Na* each vesicle is capable of accumulating (900 mM, based on 920 & 
diameter vesicles as calculated by Goodford et ak., 1968), and the 
population of vesicles per surface area of the cell (10 vesicles/u® or 
i aeX 10° vesicles/cmé, as estimated in this study), one can calculate 
that only 1.3% of the vesicles (12.8 x 10° vesicles cm™< sec!) need 
release their contents every second to achieve the measured efflux. 

If 1.3% of the vesicles are discharged and formed every second, the time 
for 50% of the vesicles to turnover would be approximately 38 seconds. 
This seems like a long time in respect to the lifetime of vesicles in 
other cells ( 1 second in endothelial cells, Shea and Karnovsky, 1969) 
but perhaps only a small percentage of vesicular binding sites are 
occupied by cellular Na’. It would be more disturbing if there were 


+ 
not enough vesicles to account for the loss of Na . 


4. Summary 


This quantitative ultrastructural study was designed to test 
the vesicular hypothesis. The data presented in this study provides 
evidence of good correlation between characteristics of the volume 


pump in uterine smooth muscle, as described by others (Daniel and 
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Robinson, 1971a,b,c; Rangachari, 1972; Rangachari et al., 1972), and 
characteristics of membrane vesicles. Both systems (a) are ATP-de- 
pendent; (b) do not require external K* and are not inhibited by ouabain; 
(c) are Ca’ *-dependent and may involve a contractile element; (d) lack 
Specificity for Na”, Therefore, it is reasonable to Suggest that the 


membrane vesicles are sites Of volume control in uterine smooth muscle. 
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CHAPTER 3 


EVALUATION OF THE PYROANTIMONATE TECHNIQUE 
FOR LOCALIZATION OF TISSUE SODIUM 


A. Objectives 


Potassium pyroantimonate has been widely used to localize 
tissue sodium for electron microscopy by the formation of electron 
dense precipitates with sodium. The validity of this technique has 
been questioned (Bulger, 1969; Clark and Ackerman, 1971; Sums 12971 5 
Sumi and Swanson, 1971). The object of this investigation was to 
evaluate the technique because of its possible usefulness in localiz- 
ing sites of Na” transport in smooth muscle (see chapter 2 jin this 
thesis). 

To accurately localize sodium pyroantimonate must precipi- 
tate sodium quantitatively. If pyroantimonate precipitates cellular 
sodium quantitatively, tissues fixed in the presence of pyroantimonate 
should contain as much sodium as originally present. Furthermore, 
the amount of precipitate seen in the tissues by electron microscopy 
should be directly related to the sodium content after alteration of 
its level. To test whether pyroantimonate precipitates tissue sodium 
quantitatively, tissues with normal and altered sodium contents were 


fixed with and without pyroantimonate for electron microscopy. Some 


fixed tissues were analyzed, for sodium and other cations which also 
precipitate with pyroantimonate, after each step in the preparation 
of the tissues for the electron microscope. Other tissues were exam- 


ined in the electron microscope for the appearance of deposits. 
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B. Materials and Methods 


1. Ttssues 


Pieces of uterine tissue used in this study were treated 
as described in Chapter 2 of this thesis. 

Fresh tissues prepared for 22Na analysis were incubated in 
aerated 77Na Krebs-Ringer medium for two hours. Sodium-rich tissues 
were prepared by incubation in a potassium-free 22Na Krebs-Ringer sol- 
ution overnight at 5°C. The specific activities of these solutions 


were approximately 1.77 x 10° cpm/mmole Na (ca. 2.5 x 10° cpm/m1). 


Ze DOLULTONS 


The Krebs-Ringer solutions used in this study were iden- 
tical to the solutions described previously (Chapter 2, Table 1). 

*2Na Krebs-Ringer and potassium-free 22Na Krebs-Ringer solutions were 
prepared by adding trace amounts of *?NaCl (1.77 x 10® cpm/mmole Na) 
obtained from Nuclear Science and Engineering Corporation, Pittsburgh, 
Pennsylvania. 

Two percent potassium pyroantimonate (40 mM; as KoH2Sb,0,. 
4H20;Fisher Scientific) was prepared by boiling the salt in distilled 
water until it dissolved, and readjusting the volume. The pH of this 
solution was lowered to 7.4 with a few drops of 0.1 N HCl. 132*Sb-lab- 
elled potassium pyroantimonate (K.H.1*"Sb.0,.4H,0) was obtained from 
New England Nuclear Corporation, Boston, Massachusets. Solutions con- 


taining 20 uci ***Sb-pyroantimonate/100 ml were prepared by adding 
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9 ml of the labelled 2% solution to 95 ml of the unlabelled 2% SOlu- 
tion. 

OsO, fixative was prepared by dissolving 0.1 gram in 10 ml 
of either distilled water (pH 7.0, ca. 40 mOsm) or 2% potassium pyro- 
antimonate solution (pH 7.4, ca. 170 mOsm). 3% glutaraldehyde (pH 
7.0, 360 mOsm) was made neutral by removing the acidic byproducts 
with charcoal or by raising the pH with a few drops of 0.01 N NaOH. 

3% glutaraldehyde with pyroantimonate (pH 7.4, 450 mOsm) was prepared 
by diluting the acidic 70% concentrated glutaraldehyde (Ladd Research 
Industries) with the basic 2% saturated pyroantimonate solution. All 
fixatives were made just prior to use. Osmolarities of solutions were 
measured with an Advanced Instruments osmometer. 

All solutions were analyzed spectrophotometrically for their 
cation constituents. The specific activities for radioactive solu- 
tions (cpm/mmoles) were calculated from their cation concentration 


and the cpm per unit volume. 


38. Ftxatton and Dehydration 


After incubation, one horn from each uterus was trimmed at 
both ends, cut into 5 pieces approximately 5 x 5 x 0.5 mm, blotted 
on paper, weighed (< 50 mg wet weight) and 4 pieces transferred to 
test tubes containing 1 ml of fixative; the remaining piece was used 
as the unfixed control for analysis. Four pieces from the opposide 


horn were fixed in the presence of pyroantimonate; the remaining 
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piece was prepared and embedded for electron microscopy.+ Some 
tissues were fixed at room temperature for 1 hour in either 1% 0s0, 
alone or 1% OsO, plus 2% potassium pyroantimonate. Other tissues 

were fixed in 3% glutaraldehyde at room temperature for 3 hours with 
and without pyroantimonate, followed by post-fixation in 1% 0s0,. 

The tissues were then washed once in 1 ml of distilled water for 15 
minutes. Dehydration was accomplished in 1 ml each of a graded ser- 
ies of alcohols for 15 minutes at each step. Between each step the 
tissues for analysis were rapidly dipped in water to remove adherent 
solution and the water was added back to the previous solution for an- 


alysis. 


4. Hleetron Microscopy 


All tissues prepared for electron microscopy were embedded 
in Epon 812. Silver to grey sections were cut on a Porter-Blum ul- 
tramicrotome and placed on bare 300-mesh grids. Sections were exam- 


ined without stain in a JEM-7A electron microscope. 


5. Tissue Catton Analysts 


After each step of fixation and dehydration samples were re- 
moved, rinsed, dried overnight at 105°C to a constant weight (< 10 mg 


dry weight), and digested in concentrated nitric acid and 30% hydrogen 


* Similar results were obtained if the tissues from several animals 
were divided before incubation and taken randomly for fixation and 
control (Figures 20, 21 and 22). 
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peroxide (0.1 ml each) on a hot sand bath. The resulting solution 

was then diluted to 25 ml with distilled water for analysis, as were 
the fixation and dehydration solutions. Solutions were analyzed for 
sodium and potassium in an EEL Flame Photometer, and for calcium and 
magnesium by atomic absorption in a Unicam SP-90A against standard 
solutions. All glassware was washed in dilute EDTA and nitric acid 
solutions prior to use. For calcium analysis 0.35 mmoles of Tanthan- 
um chloride was added to samples and standards to release calcium from 
any tissue phosphate. Appropriate blanks for all solutions were pre- 
pared and subtracted from the readings of tissue and solutions. 

To estimate intracellular sodium, the extracellular sodium 
content of tissues was first estimated by multiplying the previously 
determined fractional volume of the extracellular space (0.46 as mea- 
sured with inulin; Daniel, 1963a) by the sodium concentration in the 
incubation solution ( = extracellular sodium concentration). The ex- 
tracellular sodium content based on fresh weight was converted to a 
dry weight basis by dividing by the ratio of final dry weight to 
fresh weight. The intracellular sodium content was obtained by sub- 
tracting the extracellular sodium content from the total tissue so- 
dium content. The dry/wet weight ratios obtained for tissues before 


fixation were approximately 20% (see Table 16). 


6. Isotope Analysts 


*2Na and *?*Sb-labelled samples were counted in a well-type 
scintillation counter (Picker X-ray Engineering Limited, Canada) by 


changing the settings to correspond to the counting peak of the iso- 
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topes. **Na and '?"Sb were counted at 425 and 500 MS level settings 
respectively, with a window width of 100 and high voltage set at the 
counting plateau (1050 volts). Tissues were counted for *7Na and 

later the control tissues were analyzed spectrophotometrically to de- 
termine the percent of Na*- 22Na exchange. Uptakes of labelled sodium 
and pyroantimonate in tissues were estimated by dividing the counts 

per minute per kilogram of tissue weight by the respective specific 


activities of the incubation solution. 


C. Results 


1. Effeet of Pyroantimonate on Cation Determination 


Before cation contents could be measured in pyroantimonate 
treated tissue, it was necessary to show that pyroantimonate does 
not interfere with the analyses. To reproduce the conditions for 
tissue sodium analysis, 2 ml of 2% potassium pyroantimonate (40 mM) 
was added to 1 ml of various concentrations of sodium chloride (5 - 
80 mM). A precipitate formed at all concentrations, but disappeared 
on dilution to 25 ml, except in those solutions above 0.8 mM NaCl 


(final concentrations). The diluted standards were then analyzed by 


flame photometry 60 minutes later. The two curves, of solutions 
with and without pyroantimonate, deviated near the point where pre- 
cipitate remained after dilution (Figure 16a). These results in- 
dicate that pyroantimonate interfered with the determinations only 


at sodium concentrations above this point. The presence of 0s0, 
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of glutaraldehyde fixatives did not alter these curves. 

Because pyroantimonate also precipitates with calcium and 
magnesium and because tissues were to be analyzed for these cations, 
the effect of pyroantimonate on analyses of these cations was studied. 
Figure 16b shows the effect on calcium analysis. When 2 ml of 2% pyro- 
antimonate solution was added to 1 ml of calcium standards (62.5-1250 
uM CaCl.) precipitates were formed at all CaCl2 concentrations above 
750 uM and these solutions remained turbid following dilution to 25 ml. 
The addition of LaCl. (0.33 mmoles) to all solutions after dilution 
resulted in a second precipitate, when pyroantimonate was present. 

When the solutions were analyzed, the point of divergence (solid vs. 
dotted line) was below the point of precipitate formation with CaCl. 
prior to dilution and visible turbidity after dilution. Since lan- 
thanum was added to displace calcium from any phosphate present in 
tissue, it was crucial to determine if the precipitation of lanthanum 
by pyroantimonate prevented this effect. To test this, an amount of 
phosphate equal to that of lanthanum and greater than that in the 
tissue samples was added after dilution to the calcium standards con- 
taining pyroantimonate; this only slightly decreased calcium measure- 
ments at higher calcium concentrations suggesting that sufficient 
lanthanum was still present to release calcium ions (lower curve, 
dashed line). 

The sodium and calcium concentrations at which pyroantimonate 
reduced spectrophotometric readings were above 0.8 mM NaCl and 10 uM 
Cac iio. 

Pyroantimonate did not reduce the atomic absorption readings 


of diluted magnesium solutions which included the expected concentra- 
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Figure 16. Effect of pyroantimonate on Na” and Cac determination. 
(a) Na* determination by flame photometry. Two ml of 2% potassium 
pyroantimonate (40 mM K2H2Sb207.4H.0) was added to 1 ml of various 
concentrations of sodium chloride solution and diluted to 25 ml. 

The top curve shows the flame photometer readings vs. the final con- 
centration of sodium chloride solutions only (solid line); the bot- 
tome curve shows sodium chloride plus the added pyroantimonate 
(dashed line). The two curves deviated at the point (marked ppt) 
where precipitate remained dfter dilution. Each bar represents the 
range of four determinations. 

(b) Gaus determination by atomic absorption. The curves show the 
atomic absorption readings vs. the final concentration of calcium 
chloride standards without pyroantimonate (top, solid line) and with 
added pyroantimonate (middle, dashed line). The bottom curve (dash- 
dotted line) shows the effect of the addition of phosphate (KH.PO,) 
to pyroantimonate-containing solutions, in a final concentration 
equal to that of lanthanum (14 mM). Each bar represents the range 


of four determinations. 
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tion of tissue magnesium. 


4. Effect of Fixation and Dehydration on Na” and Kt Content 


of Fresh Ttssue 


Os0y. The effect of fixation and dehydration on sodium con- 
tent of fresh tissue fixed in 0s0,, with and without pyroantimonate, 
is shown in Figure 17a. Only about one-fourth of the original sodium 
remained in tissue fixed in 0s0, alone, and this amount was close to 
the estimated intracellular sodium content. Less sodium remained in 
tissue fixed in the presence of pyroantimonate (ca. 1/10 of the ori- 
ginal amount). In each case, the sodium lost from tissues was accoun- 
ted for in the fixative solution. Once the tissues were fixed, little 
sodium was lost into the dehydrating solutions. 

Approximately one-fourth of the original tissue potassium 
remained after fixation of 0s0, (Figure 17b). Tissues fixed in the 
presence of potassium pyroantimonate had a high potassium content be- 
cause of the added potassium salt. Like sodium, little or no potassium 


was lost to the dehydration solutions once the tissues were fixed. 


Glutaraldehyde. Less sodium remained in the tissues than after 
Os0, (ca. 1/10 vs. 1/4), and the presence of pyroantimonate had little 
effect (Figure 17c). Tissues fixed in glutaraldehyde without potassium 
pyroantimonate retained only negligible amounts of potassium (Figure 17d). 
Thus, both more sodium and more potassium were lost from tissues fixed 
in glutaraldehyde than from tissues fixed in 0s0,. When potassium 


pyroantimonate was present, the potassium content of glutaraldehyde- 
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Figure 17. Effect of fixation and dehydration on Na” and K contents 
of fresh tissue. The bar graphs illustrate the Na’ and kK” content of 
rat uterine tissues before and after each step of fixation (in 1% 0s0, 
alone or 3% glutaraldehyde followed by OsO,) and dehydration. The bars 
at the extreme left of each subfigure (marked cont} indicate the amount 
of cations in uteri before fixation, but after 30 minutes incubation 

in Krebs-Ringer solution. The shaded part of these bars shows the es- 
timated intracellular content of Na’. The clear bars indicate the a- 
mount of cations remaining in the tissue at that step, or contained in 
the corresponding solution when pyroantimonate was absent from the 
fixative; the cross-hatched bars when pyroantimonate was present in the 
primary fixative. Solutions containing no electrolytes were omitted. 
The height of each bar except the control is the average of 4 deter- 
minations (see Methods); the range is also indicated. 

(a) Na” content of tissues before and after 0s0, fixation and dehydra- 
tion, and of corresponding solutions. 

(b) a content of corresponding tissues and solutions. 

(c) Na” content; glutaraldehyde fixation. 


(d) K content; glutaraldehyde fixation. 
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fixed tissues was increased, but was slightly lower than that of 


OsOu-fixed tissues. 


5. Effect of Fixatton and Dehydration on Na* and K" Contents 
of Tissues with Altered Catton Content 


Tissues with elevated or decreased sodium or potassium con- 
tents prior to fixation followed the same general pattern as fresh 
tissues during fixation and dehydration, but the cation levels through- 
out the procedures were generally altered in the same direction as in- 


itially (Figures 18 and 19). 


4, **va Content of Fixed Tissue 


As a check on the validity of the spectrophotometric deter- 
minations, tissues were labelled with 22Na. 22Na-Na~ exchange was 
almost complete in both fresh tissues (ca. 95%) and sodium-rich tissues 
(ca. 98%) as previously found by Daniel and Robinson (1970). More 22Na 
was retained by fresh and sodium-rich tissue fixed in OsO, than tissues 
fixed in glutaraldehyde (Figure 20). The presence of pyroantimonate 
in the fixative decreased the ?2Na content of 0s0,-fixed tissues and 
had little effect on the low 22Na content of glutaraldehyde-fixed 
tissues. These results confirm those obtained by tissue sodium anal- 


ysis. 
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Figure 18. Na’ and K contents of tissue made sodium-rich by incuba- 
tion overnight at 5°C in potassium-free Krebs-Ringer solution. Results 
are indicated as in Figure 17. 

a) Nav content; 0s0, fixation. 


C 


(a) 

(b) K’ content; 0s0, fixation. 

(c) Na’ content; glutaraldehyde fixation. 
(d) 


d K" content; glutaraldehyde fixation. 
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Figure 19. Na and K contents of tissue made sodium-poor by incuba- 
tion for 1 hour in sodium-free Krebs-Ringer solution. Results indic- 
ated as in Figure 17. 


Na* content; OsOu fixation. 


(a) 

(b) K’ content; 0s0, fixation. 

(c) Na’ content; glutaraldehyde fixation. 
(d) Ke content; glutaraldehyde fixation. 
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Figure 20. **Na content of tissues before and after fixation and de- 
hydration. Results indicated as in Figure 17. 

(a) ??Na content of tissue incubated for 2 hours in *?Na-Krebs-Ringer 
solution (fresh tissue); fixation in 0s0, or glutaraldehyde followed 
by Os0,. 

(b) ??Na content of tissue incubated overnight in K”-Krebs-Ringer 
solution (7*Na-rich); fixation in 0s0, alone or glutaraldehyde followed 


by 0s0,. 
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5. Pyroanttmonate Content of Fixed Tissue 


Figure 21 shows the contents of '?*Sb-pyroantimonate and 
also **Na in fresh, sodium-rich and sodium-poor tissues after 0s0, 
and glutaraldehyde fixation.? Tissues fixed in 0s0, contained 3 to 
4 times more ***Sb-pyroantimonate than glutaraldehyde-fixed tissues. 
*2"Sb-pyroantimonate content was not increased in sodium-rich tissues 
or decreased in sodium-poor ones. Thus, there was no relationship 
between the sodium content and !2*Sb-pyroantimonate content after 


fixation. 


6. Effeet of Fixation and Dehydration on ca’? and Mg’ * Contents 


of Fresh Tissues 


Little calcium or magnesium was lost from tissues when OsO, . 
or glutaraldehyde was used without pyroantimonate (Figure 22, clear 
bars). When pyroantimonate was added to Os0,, less of these two di- 
valent cations remained in the tissue; when added to glutaraldehyde 
there was much less effect (Figure 22, hatched bars). There was 


much: more calcium than magnesium loss with both fixatives though each 


2 The results shown are from two separate experiments, each with 
tissues containing only one isotopic label, either *?Na exchanged 
before fixation or !7*Sb provided during fixation. Other tissues 
were labelled with both isotopes by preloading with 22Na and fix- 
ing in the presence of *?*Sb-pyroantimonate and counted simultan- 
eously. Results similar to those with the single label were ob- 
tained but greater variation occurred due to the narrow window 
setting required to separate the two isotope peaks. 
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Figure 21. +?*Sb-pyroantimonate and **Na content of fixed tissues. The 
clear bars show the content of **Na in fresh and sodium-rich tissues 
before and after fixation and dehydration in OsO, or glutaraldehyde. 
The cross-hatched bars show the content of '**Sb-pyroantimonate which 
remained in the tissues when fixed in its presence. Results are from 
two experiments. The height of each bar is the average of 8 values. 

(a) Os0, fixation of fresh, sodium-rich and sodium-poor tissue. 


(b) Glutaraldehyde fixation of the same three types of tissue. 


| 0s0, Fixation 
Fresh Tissue Sodium - rich Tissue Sodium - poor Tissue 
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Figure 22, ae and Mg” contents of fresh tissues before and after 
fixation and dehydration. Each bar is the average of 8 values with 
the range. All solutions used after fixation were pooled and anal- 
yzed together. | 
Results are indicated as in Figure 17. 

faleuCa 4 content; fixation in 0s0, or glutaraldehyde followed by 
Os0,. 

(b) Mg’* content; fixation in OsO, or glutaraldehyde followed by 
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loss was more pronounced with 0s0,. As with sodium, the additional 
loss of cation caused by pyroantimonate was greater when the loss 


in the fixative alone was less. 


?. Effects of Other Soluttons on Sodium Loss During Ftxatton 


Two possible explanations for the reduction in sodium con- 
tent of tissues fixed with 0s0, in the presence of pyroantimonate 
are, (1) that external pyroantimonate complexes and removes the sodium 
from the tissue, or (2) that tissue sodium exchanges for potassium pres- 
ent with the pyroantimonate. When the same concentration of the po- 
tassium salt of another impermeable anion, sulfate, which forms a 
more soluble sodium salt, was added to 0s0,, the tissue sodium con- 
tent was reduced like that of pyroantimonate-treated tissue (Table 
15). The values in Table 15 are lower than those shown in Figure 17, 
probably due to the low initial quantity of sodium in the tissues 
(ca. 340 vs. 400 mmoles Na*/kg dry weight). The same effect of lower 
sodium content was also seen when tissues were incubated in high po- 
tassium solutions with permable anions (KC1 Krebs-Ringer solution, 
Figure 19). These results suggest that potassium exchanges for tissue 
sodium rather than pyroantimonate complexing it from the tissues. 

Tissues incubated in distilled water for the same length 
of time contained the same amount of sodium as those fixed in Os0,. 
Tissues incubated in distilled water were expected to contain less 
sodium due to swelling and disruption of cells. Tissues placed in 
isosmolar sucrose solution (280 mOsm), in which swelling would not be 


expected to occur and which had no exchangeable cations, contained 
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less sodium than 0s0,-fixed tissues or tissues incubated in distilled 
water (Table 15). These were unexpected findings for which T have 
no apparent explanation. 

Tissues fixed in glutaraldehyde, like those incubated in iso- 
osmolar sucrose for an equal time, contained much less sodium after fix- 
ation than 0s0,-fixed tissues. The addition of potassium pvroanti- 


monate had little effect (Table 15). 


8. EM Observations 


The distribution of pyroantimonate precipitates seen in 
tissues fixed in 0s0, (Figure 23a,c,e) was different from precipi- 
tates observed in glutaraldehyde-fixed tissues (Figure 23b,d,f). 
Os0,-fixed tissues contained fine precipitates in the nucleus assoc- 
jiated with the heterochromatin, in the nucleolus, cytoplasm, mitochon- 
dria, and extracellular space. Tissues fixed in glutaraldehyde con- 
tained larger precipitates and these were observed in only a few cells 
which had swollen endoplasmic reticulum and a swollen nuclear envel- 
ope. In cells with intracellular precipitates, these were found in 
the interchromatin area of the nucleus, in the nucleolus, mitochon- 
dria, and extracellular space. With either fixative, precipitates 
were neither increased nor decreased in sodium-rich or sodium-poor 


tissue (Figure 23c-f). 
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TABLE 15 


Effects of various solutions on Nat content of fresh 


tissue 
ce ee eee ee ey ee ee ere eee Oe EVA, Cee 
Fixative With Fixative Without Fixative 
ee ee ee ee ee ee 
13 OsO, OsO, Water 
64 (44-76) 58 (12-89) 
OsO, + K-Ant.* Water + K-Ant.* 
15 (11-16) 17 (14-20) 
OsO, ar K,S0, Water + K,S0, 
( 4-10) 18 (13-27) 
OsO, Sucrose 
5 les 2—7 2) 10 ( 6-15) 
3% Glutaraldehyde Glutaraldehyde Sucrose 
15 (11-18) 15 ( 8-28) 


Values shown are the average sodium content (mmoles 
Na*/kg dry wt.) of 4 fresh tissues (with range in brackets) 
after fixation or incubation in the solution indicated. 


*Potassium pyroantimonate. 
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Figure 23. Effect of fixative on location of pyroantimonate deposits 

in rat uterine smooth muscle. Electron micrographs of unstained tissue; 
MW, nucleus; n, nucleolus; M, mitochondria; #, extracellular space occu- 
pied by collagen. Magnification x 12,000. 

(a,b) Fresh tissue. 

(a) Tissue fixed in 1% 0sO,. Small, fine precipitates can be seen in 
the nucleus where they appear associated with the chromatin material; 
in mitochondria, cytoplasm, extracellular space, and in the nucleolus. 

(b) Tissue fixed in 3% glutaraldehyde and postfixed in 1% OsOu. 
Coarse precipitates were found within only a few cells and were located 
in the interchromatin region of the nucleus, on the nucleolus and in 
mitochondria. Two cells are shown, one of which contains precipitate. 
(c,d) Sodiun-rich tissue. 

(c) Tissue fixed in 1% 0sOy. The pattern of precipitates is similar 
to that found in fresh tissue fixed in OsO,. 

(d) Tissue fixed in 3% glutaraldehyde followed by 1% OsOy. Precip- 
itates are similar in size, location, and amount to those seen in fresh 
tissue fixed in glutaraldehyde. 

(e,f) Sodtwn-poor tissue. 
(e) Tissue fixed in.1Z.0s0,- 


(f) Tissue fixed in 3% glutaraldehyde followed by OsOy. 
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9. Dry/Wet Weight Ratio 


Table 16 shows the final dry weight of tissues before or 
after fixation, divided by the initial fresh weight (dry/wet weight 
ratio). Although the ratios for controls were Slightly higher than 
previously reported for the uterus (Moawad and Daniel, 1971), there 
was no consistent change in this ratio when tissues were fixed in Os0, 


or in glutaraldehyde alone or with pyroantimonate. 


D. Discussion 


1. keltabiltty of Analytical Methods 


These studies provide strong evidence that pyroantimonate 
did not interfere with the methods used for determination of tissue 
cations. Spectrophotometric determination of known concentrations 
of cations were not affected by the presence of pyroantimonate pro- 
vided their concentrations were low, as in the dilutions used for 
tissue analysis. The higher sodium and pyroantimonate concentrations, 
at which precipitates persisted after dilution, yielded reduced spec- 
trophotometric readings; these concentrations are consistent with the 
known solubility of sodium pyroantimonate (30 mg/100m1 or 680 uM; 
Hodgman [Editor], 1943). Values for the solubility of calcium pyro- 
antimonate have not been found in any standard chemical reference. 
However, the calcium curves deviated at a point which would give 


approximately 10 uM calcium pyroantimonate. In the tissue used in 
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this study (< 50 mg wet weight), the total amount of cations present 
yielded less than the above concentrations (160 uM NaCl and 6 uM CaCl.) 
necessary to produce interference after dilution for analysis. Thus, 
if the tissue cations diffused out and into 1 ml of fixative contain- 
ing pyroantimonate and the resultant solution was diluted to 25 ml, 

no interference with analysis would occur. Nor would interference be 
expected from tissue digested and diluted to 25 ml. 

Analysis of both tissue and fixation and dehydration solu- 
tions showed that it was possible to account for all cations which 
were present in the tissue before fixation. This eliminates the poss- 
ibility of formation of insoluble tissue precipitates which would not 
be detected in the analysis. 

Data from **Na determinations of tissues fixed in OsO, or 
glutaraldehyde were similar to the results obtained for total tissue 


sodium based on spectrophotometric analysis. 


2. Inadequactes of the Pyroantimonate Technique 


The requirements for a valid histochemical method to loc- 
alize tissue sodium by electron microscopy have been outlined by Bul- 
ger (1969) and include (1) the capacity to precipitate sodium quan- 
titatively in the tissue before sodium can move; (2) a specificity 
for sodium; (3) the ability to permeate cell membranes and compart- 
ments; (4) the ability to form stationary, electron-dense precipi- 
tates with sodium. Pyroantimonate does not conform to these require- 


ments when used to localize sodium in the uterus. 
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Quantitative considerations. Uterine tissues fixed in OsO, 
alone contained only about one-fourth of the original amount of so- 
dium, which was approximately equal to the estimated intracellular 
content; those tissues fixed in the presence of pyroantimonate or in 
glutaraldehyde with or without pyroantimonate contained even less. 
The amount of sodium retained by fixed tissues was not increased nor 
decreased when the intracellular sodium content was altered before 
fixation. This indicates that even the first conditions required 
for quantitative determination of sodium were not fulfilled. 

There was more +?*Sb-pyroantimonate in 0s0,-fixed tissues 
(ca. 40 times) than could be associated with sodium (assuming 2 moles 
Na’ : 1 mole Shy07me At least 75% of the pyroantimonate might have 
been located within cells when fixed in 0sO, (assuming no change in 
the extracellular volume; see calculation for intracellular sodium). 
On the other hand, pyroantimonate was present in much smaller amounts 
in glutaraldehyde-fixed tissues and may have been primarily extra- 
cellular in location. If this were so, then one might expect tissues 
to contain approximately 19 mmoles of '?*Sb-pyroantimonate per kilo- 
gram of tissue, based on the above assumptions. This value agrees 
with those obtained (ca. 20 mmoles; Figure 21). 

The amount of tissue precipitate as seen in the electron 
microscope did not vary with the sodium content in the three types 
of tissues, confirming the results of sodium analysis. The amount 
and location of precipitates depended upon the method of fixation. 
Tissues fixed in 0s0, contained precipitates throughout the tissue, 


both intracellularly and extracellularly, whereas fewer intracellular 
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precipitates were observed after glutaraldehyde fixation. This is 
consistent with the analytical indications of the amount and the loc- 
ation of pyroantimonate after fixation. Furthermore, these findings 
are also consistent with observations made of kidney slices in which 
intracellular precipitates were observed only after 0s0, fixation 

or fixation of swollen tissues with glutaraldehyde (Bulger, 1969). 

A similar difference in precipitate distribution with the two fixa- 
tives has been reported for cerebral cortex (Sumi, 1971; Sumi and 
Swanson, 1971) and for bone marrow cells (Clark and Ackerman, 1971a). 

The inability of pyroantimonate to precipitate sodium quan- 
titatively in the uterus did not agree with studies based on the 
semi-quantitative measurements of precipitates and the sodium content 
of embryonic chick heart (Klein et aZ., 1970; Thureson-Klein and Klein, 
1971). Furthermore, these results differed from qualitative observa- 
tions which indicated that precipitates decreased after soaking tissue 
in sodium-free solutions (Edelhauser and Siegesmund, 1968; Bulger, 
1969) or increased after incubation in sodium chloride solutions prior 
to fixation (Satir and Gilula, 1970). The reason for these differences 
probably was due to the qualitative nature of such studies. 

The dry/wet weight ratios of fresh tissues were approxi- 
mately 20%. There was no apparent increase in the ratios after fixa- 
tion (Table 16). This suggests the loss of constituents from the 
tissues during fixation equal in weight to that gained from the fixa- 
tive or pyroantimonate. The increase in weight seen by others after 
fixation in the presence of cations (Krames and Page, 1968) could 


perhaps be due to the gain in cations as well as fixative; or perhaps 
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the presence of cations in the fixative increases the uptake of the 


fixative. 


Permeability. For pyroantimonate to quantitatively pre- 
cipitate tissue sodium, pyroantimonate must penetrate rapidly into 
the extracellular and intracellular Spaces before sodium movement 
occurs. Based on its ionic size and charge, pyroantimonate would 
not be expected to enter tissue faster than sodium moves out into 
the fixative. Sodium is known to move rapidly into and out of cells 
from radioactive tracer studies. Pyroantimonate, in contrast to 
sodium, may not enter cells until after the membrane permeability is 
altered by the fixative. Penetration of the fixative, however, is 
known to proceed slowly from the surface to the inside of the tissue 
block, whereas sodium efflux from tissue occurs very rapidly. There- 
fore, sodium may diffuse out of the tissue before pyroantimonate 


diffuses in with the fixative. 


Solubility. Even if pyroantimonate ions were able to diffuse 
into tissue and cells instantaneously before sodium movement occurred, 
it should still form insoluble precipitates with all sodium to quanti - 
tatively localize cell sodium. Sodium pyroantimonate, however, has 
a finite solubility product so that not all sodium would be precipit- 
ated. Using the value of 400 mmoles Na*/kg dry weight (ca. 80 mmoles 
Na’/kg wet weight) for fresh uterine tissues (Figure 17) and the sol- 
ubility coefficient of sodium pyroantimonate (30 mg/100 mi, Ken 2 Xx 
10-1; Hodgman [Editor], 1943), one would calculate that only 70% of 
the total sodium in a 50 mg piece of tissue would form insoluble pre- 


Cipitate when placed in 1 ml of solution. 


The possibility of 90-95% of tissue sodium precipitation with 
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pyroantimonate, which is based on greater solubility of sodium pyro- 
antimonate (Ke = 2x 10°) (Klein et al., 1972) than reported by 
standard solubility references, is probably incorrect. Furthermore, 
increasing the volume of the fixative, as proposed by Klein and Thur- 
eson-Klein (1972) to prevent pyroantimonate ion from becoming limiting, 
would only increase the amount of sodium which could be in solution. 

In order for pyroantimonate ion (40 moles/ml) to become limiting, a 
piece of tissue weighing more than one gram (80 moles Na”) must be 


used in 1 ml of fixative. 


Spectficity. Calcium and magnesium are less mobile in tissue 
than sodium, and also form precipitates with pyroantimonate in test 
tubes (Bulger, 1969). Fixed uterine tissues contained some calcium 
and nearly their normal complement of magnesium after fixation and 
dehydration. That they contribute to precipitates seen in other 
tissues examined with the electron microscope is supported by elec- 
tron probe analysis (Tandler and Kierszenbaum, 1971), but they can- 


not account for all ***Sb-pyroantimonate retained by uterine tissues. 


5. Nature of Precipitates Seen in the EM 


Potasstum. It seems reasonable that all the pyroantimonate 
which remained in fixed tissue was precipitated, since little washed 
out during dehydration. If so, approximately one-half of the precip- 
itates in 0s0,-fixed and all precipitates in glutaraldehyde-fixed 
tissues could be potassium, based on the content of !?*Sb-pyroantim- 


onate and potassium retained. Test tube experiments showed, as con- 
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firmed by others (Tice, personal communication; Shiina et al., 1970), 
that potassium pyroantimonate was insoluble in dehydrating solutions 
such as alcohol, acetone and propylene oxide. Consequently, potassium 
pyroantimonate precipitates may be formed in the tissue during dehy- 
dration. In addition, potassium precipitates may be formed jin the 
tissue due to changes in pH, since potassium pyroantimonate solutions 
precipitate spontaneously upon lowering the pH to 6.8 (Torack and La- 
Valle, 1970; Shiina et aZ., 1970). The pH at which potassium pyro- 
antimonate precipitates could be close to the intracellular pH or 
that pH of some organelles. 

Additional evidence that deposits represent potassium comes 
from the observation that potassium has the same distribution as an- 
timony in tissue precipitates studied by electron probe analysis 
(Tandler and Kierszenbaum, 1971). 

Shiina et al. (1970) have suggested that potassium might 
be removed after fixation by washing. However, little loss of potas- 
Sium was observed in uterine tissues washed in distilled water after 
fixation or during dehydration. Tandler et al. (1970) heated fixed 
tissues in half-saturated potassium pyroantimonate solution to remove 
only the precipitated potassium and retain other precipitates by a 
common ion effect. They noted no appreciable decrease in tissue pre- 
Cipitates and concluded that the precipitates were not potassium. 

The value of this procedure is doubtful since this method might have 
failed to remove all the potassium pyroantimonate which subsequently 
precipitated during dehydration. 


The potassium concentration in the fixative is increased 
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when potassium phosphate buffer is used to control the pH of fixative- 
pyroantimonate solutions. When potassium was added to fixatives con- 
taining pyroantimonate either as phosphate buffer of chloride, Shiina 
and coworkers (1970) observed a decrease in tissue and test tube pre- 
Cipitates. They proposed that the formation of sodium pyroantimonate 
was inhibited by coexisting potassium ions in the fixative and they re- 
commended unbuffered fixative for sodium detection. Torack and LaValle 
(1970) attributed the decrease in tissue precipitates to an interac- 
tion of phosphate anion with the pyroantimonate anion thereby decreas- 
ing the sites available for sodium to react. They did not specify how 
the two anions interact. They recommended the use of phosphate buffered 
pyroantimonate fixative and artificial elevation of sodium ions, since 
they found potassium was precipitated in test tubes at physiological 
levels in unbuffered solutions. Klein et al. (1972) do not think that 
physiological levels of potassium contribute to precipitate formation, 
based on test tube studies. Whether or not potassium pyroantimonate 

is precipitated by physiological levels of potassium does not elimin- 
ate the possibility of formation of tissue precipitates during dehydra- 
tion. Unbuffered fixatives were used in this study because inorganic 
buffer salts (particularly potassium phosphate) might allow ion ex- 
change between tissue and fixative and organic buffers might be oxid- 


ized by, and decrease the action of, the fixative. 


Sodtwn. Some of the residual sodium which remained in tissue 
after fixation and dehydration could be associated with pyroantimonate. 


This would explain results obtained with autoradiography (Tisher et al., 
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1969), electron probe analysis (Lane and Martin, 1968; Tandler et Oke, 
1970; Kierszenbaum et al., 1971), and selected area diffraction (Hart- 
man, 1966). However, the presence of other precipitates which might 
be indistinguishable from sodium precipitates in size and density re- 
duces the usefulness of this technique even for the localization of 
residual sodium. 

Tandler et al. (1970) and Kierszenbaum et al. (1971) reported 
massive precipitation of cations and good tissue preservation fol low- 
ing immersion and perfusion of tissue in 2% potassium pyroantimonate 
solution at pH 9.2. They propose that pyroantimonate behaves as a 
fixative. Obviously, potassium pyroantimonate is not useful alone 
to precipitate sodium in the uterus, since little sodium remained af- 
ter incubation of tissue in pyroantimonate sodium (Table 15). Further- 
more, uterine tissues did not have the physical appearance of fixed 
tissue after incubation in pyroantimonate solutions as they were in- 
distinguishable from fresh tissue. This may indicate that the tissues 
were not fixed by pyroantimonate. Moreover, the above workers always 
hardened their tissues in formaldehyde after pyroantimonate treatment. 
I suggest that pyroantimonate, by itself, does not act as a fixative 


on myometrium. 


Caletum and magnestum. Some of the precipitates could be 
calcium which was not completely lost or magnesium which was retained 
by uterine tissues after fixation and dehydration. Legato and Langer 
(1969) have proposed that the pyroantimonate method is valid for the 


intracellular localization of these two divalent cations. They support 
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their contention with the observation that intracellular precipitates 
in dog papillary muscle were removed when tissues were incubated jin 
EGTA and EDTA solution prior to fixation. 

In embryonic heart, Klein et aZ. (1970) observed decreased 
nuclear, cytoplasmic, and mitochondrial precipitates after fixation 
of tissue incubated in high concentrations of EGTA designed to remove 
both calcium and magnesium. They concluded from semi-quantitative 
measurements that 40% of tissue precipitates were sodium and the re- 
mainder, calcium and magnesium. However, if calcium, magnesium and 
sodium were precipitated quantitatively, one would expect more than 
75% of the precipitates to be sodium. More recently they suggested 
the use of chelating agents to remove divalent cations when only so- 
dium is to be demonstrated (Klein et al., 1972). It seems unlikely 
that a chelating agent would remove divalent cations from tissue while 
the use of a:precipitating agent would not remove sodium. 

Further evidence that calcium and magnesium contribute to 
precipitates seen in tissues is provided by electron probe analysis 
Studies (Tandler and Kierszenbaum, 1971). These studies indicate 
that tissue precipitates contain calcium and magnesium as well as so- 
dium and potassium. Furthermore, empty spaces in sections have been 
noted after floating them on oxalate solutions designed to remove cal- 
cium (Kierszenbaum et aZ., 1971). 

In uterine tissues fixed in 0s0,, one-fourth of the pyroanti- 
monate precipitate may represent calcium, magnesium and other residual 
ions in addition to that which may react with potassium, based on their 


contents in fixed tissue. 
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Organte precipitates. There was more *2*Sb-pyroantimonate 
retained by Os0,-treated tissues (ca. 20 mmoles +2*Sb-pyroantimonate/ 
kg tissue wet weight or one-fourth of the total amount) than could be 
precipitated by all the remaining tissue cations. Therefore, the re- 
maining one-fourth or more of the pyroantimonate in 0s0,-fixed tissues 
was likely precipitated by tissue constituents other than cations. 
These results support evidence that pyroantimonate may react with other 
Substances such as biogenic amines, glycogen, and amino groups of 


nucleic acids (Bulger, 1969; Clark and Ackerman, 1971b). 


4. Effect of Fixatives on Membrane Permeability 


The sodium content of tissues fixed in OsOu was approximately 
equal to the intracellular content before fixation. The loss of intra- 
cellular sodium from tissues fixed in 0sO, containing potassium pyro- 
antimonate may depend upon a sodium-potassium exchange across the mem- 
brane or at binding sites. Tissues contained less sodium after ex- 
posure to solutions or fixatives containing high potassium concentra- 
tions (Table 15). Pyroantimonate, on the other hand, does enter cells 
fixed in 0s0,, as indicated by precipitate location and '**Sb-pyroanti- 
monate content. This might be a consequence of 0s0, converting the cell 
membrane from one with fixed anionic charges and capable of exchanging 
cations, to one containing some fixed cationic charges and capable of 
exchanging anions. The sodium content was lower in glutaraldehyde- 
fixed tissues. Glutaraldehyde fixation, in contrast to O0sO0, fixation, 


might affect the membrane in a manner that allows the loss of intra- 
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cellular cations (sodium and potassium were both lower after qlutar- 
aldehyde fixation than after 0s0, fixation) but limits the entry of 
pyroantimonate. Whatever the explanation, the two fixatives clearly 
have a different effect on membrane permeability. Further work is 


necessary to clarify these findings. 


5. Uttltzation of Pyroantimonate for Localizing Tissue Sodium 


In light of these results, the pyroantimonate method cannot 
be used to localize sodium quantitatively in the uterus which would 
be necessary to demonstrate sodium pumping sites. Furthermore, unless 
other tissues can be shown to behave differently from the uterus, the 


pyroantimonate technique should be abandoned. 
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CHAPTER 4 


LIGHT AND DARK UTERINE SMOOTH MUSCLE CELLS 


A. Objectives 


Two distinct populations of cells were observed in prelim- 
inary examinations of rat uterine smooth muscle fixed by immersion 
in glutaraldehyde. Among other distinguishing characteristics, the 
cells of one population were less electron dense and contained no 
membrane vesicles as compared with the other population. Since 
smooth muscle cells without membrane vesicles may be unable to main- 
tain their volume (Chapter 2), the two types of cells were studied. 

The objective of this study was to define the two types of 
cells more precisely in ultrastructural terms and to investigate 
their origin and significance by answering the following questions: 
(1) What are the morphological differences between the two cell types, 
and what do these differences indicate? (2) What factors affect the 
relative numbers of light and dark cells and what can we infer about 
the nature of these two cell types from study of variables which in- 


fluence their relative numbers? 


143 


-miteiq at bavrsedo e7ew 2ffoo to anofteluqog tonttetb owT 7 
horevamnt yd baxtt sfoeum dgoome ontredu te to weiss 
ot ,2obtetvetosrsis. pnidetupntteth vertto pnomA .sbydabferstulp at 
oh bentetnoa bas ceneb novd20%e zeal stew notysfuqog oe tava 
sont2 .motsstuqog vaito add nsiw bevsqmoo 26 zefoteav ons main 
-ntem of sfdenu sd yam zofotesy sasidmem suodsiw 2f leo erase’ " 
-batbute stew 2ffa> to eaqyd owt sig .(8 tetqsrid) omifov ators elegy - 
40 zanvd ows sid snftsb ot eow ybude 2fdt to evtsostdo SAT 7 ii 
sispidesvnt ot brs zarved Tevwsowitestiu nf yfs2toevg svom ztfea 
:enortesup patwolfot odd patvewens yd soneoltinphe brs ntptro stort 
<28qyt TI99 ows sit naswisd 2oonsisttth Taotpoforqtom edd evs SodW () ot 
sit fostts 2iod2s5t tetW (S) fersotbnt esanaisttib seeds ob Jadw bos . 
tuods yetnt ow ms Jerw bas 2ffeo dysb bas tiptl to etedmun evitsior i 
cnt Hokdw eatdstvey to ybute mort esqys Meo omt szedt Yo omudan add : 


a 
Seysdmun ovtistey vert eonoul® 


144 


B. Materials and Methods 


1. Animals 


Estrogen-dominated rats. Immature female (Wistar strain) 
rats weighing less than 100 grams were injected subcutaneously with 


90 micrograms of diethylstilbesterol daily for 6 days. 


Ovartectomized rats. Immature rats weighing less than 100 
grams were anesthetized with pentobarbital and ovariectomized. The rats 
were allowed to recover from the trauma for one week and then treated 


as described below. 


Mature-pregnant rats. Pregnant rats (near term, 30 days 
gestation weighing approximately 280 grams were used in this inves- 


tigation. 


Tissue preparatton. Except when tissues were to be fixed 
in situ (see below), the tissues were treated as described in Chap- 
ter 2. 

Contraction or relaxation of tissues was studied after 
attaching one gram weights to the cervical end of uterine horns. To 
relax these tissues, they were incubated in Krebs-Ringer solution with 
adrenaline (1 x 10°’ grams/ml) for several minutes. Oxytocin (0.001 
unit/ml) was used to produce contraction. When maximum relaxation 
or contraction was obtained, the uteri were transferred to fixative. 
The paired horns were also weighted but not treated. Measure- 


ments of initial, intermediate, final and fixed lengths of tissues 
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were made with a compass and millimeter scale. 
2. Soluttons 


The Krebs-Ringer solution used in this study contained the 
same constituents as that indicated in Chapter 2, page 34. Metabolic 
inhibitors were added directly to the Krebs-Ringer solution in concen- 


trations of 1 mM. 


5. ATP Estimatton 


ATP determinations of tissues were accomplished by the fire- 


fly method as described in Chapter 2. 


4. Hleetron Microscopy 


Tissue preparation. Some tissues were fixed by immersion 
in 5 ml of 5% glutaraldehyde at 25°C (pH 7.4; 950 mOsm) with phos- 
phate buffer (Millonig, 1962). Other tissues of anesthetized animals 
were fixed by slow perfusion of the uterus with 5%, phosphate buffered 
glutaraldehyde through cannulae inserted in the direction of blood 
flow in the abdominal aorta. Im situ fixation was considered: complete 
when the uteri changed color from its normal pink to deep yellow. All 
glutaraldehyde-fixed tissues were stored in this solution in the cold 
(24 to 48 hours) until ready for post-fixation. Post-fixation was 
carried out for 1 hour in 1% osmium tetroxide with phosphate buffer. 

Additional tissues were fixed for 1 hour by immersion in 1% 


potassium permanganate (pH 7.0; 280 mOsm) or buffered 1% osmium tet- 
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roxide followed immediately by dehydration. Potassium permanganate 
fixative was prepared by diluting a 2% permanganate solution to 1% 
with 0.9% NaCl solution. One percent osmium tetroxide fixative was 
made by dissolving 0.1 gram of OsO, in 10 ml of Millonig's buffer. 
After fixation, tissues were prepared as previously des- 


cribed in Chapter 2. 


Quantitative studies. The relative number of light and 
dark cells was determined by either one of two methods: (1) Light 
and dark cells were counted on the EM screen by scanning sections 
overlying four different grid squares (the center Squares from each 
quadrant of 300 mesh grids) at 8,000 magnification. (2) Cell counts 
were made from 8" x 10" photographs (x 24,000 magnification) taken 
according to the procedure described in Chapter 2. Light smooth mus- 
cle cells were distinguished from dark cells on the basis of several 


characteristics (Table 17). 


C. Results 


lL. Appearance, Location and Number of Light and Dark Cells 


Figure 24 shows the general appearance of smooth muscle cells 
of the outer longitudinal muscle layer of an estrogen-dominated rat 
myometrium fixed by immersion in glutaraldehyde. Two types of cells 
can be recognized in reference to electron density. These cells have 


been termed light and dark cells after their respective electron densi- 
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Figure 24. Smooth muscle cells from the longitudinal layer of 
an estrogen-dominated rat uterus incubated in Krebs-Ringer sol- 
ution for 60 minutes and fixed by immersion in 5% glutaraldehyde 
followed by post-fixation in 1% 0sO,. Light (L) and dark (D) 
cells can be recognized primarily by differences in cytoplasmic 
density. Note the cytoplasmic projections (P), the small mito- 
chondria (M), the darker nucleoplasm in the nucleus (N) and mem- 
brane vesicles (V) in the dark cells (D) in contrast to these 
structures in light cells (L). The endoplasmic reticulum (ER) 
is swollen in the light cells. Collagen (C) occupies the extra- 


cellular space. x 12,500. 
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ties (Gansler, 1961), or round or star-shaped after their surface 
appearance (Aita et al.,1968a) in uterine and other smooth muscle 
tissues. 

In addition to different densities, light and dark smooth 
muscle cells of the uterus have numerous other structural differences 
summarized in Table 17. In general, light smooth muscle cells have 
a swollen appearance as indicated by swollen endoplasmic reticulum, 
swollen nuclear envelope and rounded mitochondria with orthodox 
configuration (Hackenbrock, 1966) in contrast to the structure of 
dark cells (Figure 24, Table 17). 

Table 18 shows the number of light and dark cells found in 
the rat uterus after various treatments. Light cells accounted for 
approximately 4% of the total population of muscle cells in the long- 
jitudinal layer of both tension-loaded and unloaded estrogén-domi nated 
rat myometrium (Groups 2,4,6). They were found randomly distributed 
among dark cells when whole uterine tissues were examined. Light cells 
were more frequent along the stripped circular muscle layer after re- 
moval of the endometrium (Group 7). This treatment did not, however, 


affect their number in the outer longitudinal muscle layer (Group 6). 


2. Effect of Relaxation or Contraction 


To determine if relaxation or contraction alters the number 
of light and dark cells or their structure, loaded (1 gram) uterine 
horns were incubated in adrenaline (1 x 107’ g/ml) or oxytocin (0.001 


unit/ml) prior to fixation. 
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TABLE 17 


Comparison of the structure of light and dark uterine smooth muscle 


cells fixed by immersion in glutaraldehyde. 


Structure Dark cells Light cells 
Nucleus 
Chromatin Condensed in periphery Condensed in periphery 
Nucleolus Present Present: 
Nuclear pores Nuclear pores seen only Numerous pores 
at high magnification 
Nuclear envelope Membranes parallel, Swollen 
close 
Mitochondria 
Profiles Various shapes Round 
typically elliptical 
Conformations Condensed Orthodox 
Golgi apparatus Present Present 
Endoplasmic Compact membranous Swollen with many 
reticulum structures with attached ribosomes 


associated ribosomes 


Muscle filaments Many thin filaments Few filaments 
oriented in long axis 
of cell 


Cell surface 


Cytoplasmic Numerous narrow and Blunt projections on 
projections pointed some, none on others 
Plasma membrane Continuous, triple Not well preserved, 
layered continuity lacking 
Plasma vesicles Numerous vesicles loc- Very few or none 


ated along the plasma 
membrane 
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Tissues shortened 33% (30 - 35%, n = 4) of their initial 
length measured under 1 gram of tension when treated with oxytocin. 
Relaxation with adrenaline produced an additional 7% (5997. n = 4) 
increase in initial-loaded length. No measurable changes in contrac- 
ted or relaxed lengths occurred upon fixation of tissues. 

Relaxed dark smooth muscle cells (Figure 25a) had fewer cyto- 
plasmic projections and the cross-sectional diameter was less than con- 
tracted dark cells (Figure 25b). There were only slight differences 
in the relative number of light and dark cells when contracted tissue 
was compared with relaxed tissue or when treated tissues were compared 
with their untreated controls (Table 18, Groups 1-4). However, there 
were more light cells in the contracted tissues than in the relaxed 


tissues although dark cells were predominant after both treatments. 


5. Effect of Immerston tn Other Ftxatives 


The light and dark cells described above were found after 
immersion fixation in glutaraldehyde. Tissues were examined after 
immersion in potassium permanganate or osmium tetroxide to see if 
light and dark cells could be demonstrated with these fixatives. 

Smooth muscle fixed by immersion in potassium permanganate 
is shown in Figure 26a. Only one type of cell could be distinguished 
after permanganate fixation (Table 18, Group 12). The characteristic 
differences which distinguished light and dark cells found after glu- 
taraldehyde fixation (Table 17) were absent. In all cells, the chrom- 


atin appeared uniformly distributed throughout the nucleus as did the 
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Figure 25. Cross-sections of longitudinal muscle cells from 

estrogen-dominated uteri: (a) Relaxed in adrenaline prior to 
fixation. (b) Contracted with oxytocin prior to fixation. 

x 8,400. Note the presence of light cells in both conditions 
and the increased cross-sectional diameter of the contracted 


cells. 
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Figure 26. Structure of smooth muscle after potassium perman- 
ganate and osmium tetroxide fixation. (a) Fixation by immer- 
sion in 1% potassium permanganate. Note the good preservation 
of membrane and lack of other cytoplasmic (filaments) or nuc- 
lear (chromatin) structures as seen after glutaraldehyde fix- 
ation. The membrane vesicles were smaller and often absent. 

x 8,000. (b) Smooth muscle after immersion in 1% osmium tet- 
roxide. Membrane preservation is similar to that of perman- 
ganate fixed tissues (as above) but cytoplasmic and nuclear 
structures are more apparent. x 8,400. Light and dark cells 
as defined for glutaraldehyde-fixed tissues could not be found 


in either permanganate or osmium-fixed tissues. 
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ground substance in the cytoplasm. All membranes were well demonstrated; 
however, membrane vesicles were noticeably smaller and often absent as 
compared to cells fixed in glutaraldehyde. The mitochondria were all 
rounded with orthodox conformations and membrane projections were less 
prominent. Therefore, these cells had some characteristics in common 
with light cells. 

Like tissues fixed in potassium permanganate, tissues fixed 
by immersion in osmium tetroxide were found to contain only one. type 
Of smooth muscle cel] (Figure 26b, Table 18). The chromatin material 
was clumped as in light cells found after glutaraldehyde fixation (Fig- 
ure 24). The mitochondrial and plasma membrane of 0s0,-fixed cells 


were similar to that seen after permanganate fixation. 


4. Strueture of Immature and Mature Utert 


The uterus is known to respond to estrogen stimulation by 
increasing the number and size of its cells. The question posed here 
was whether light cells represent newly differentiated or immature 
cells. If so, then one would expect to find more light cells in imma- 
ture and immature estrogen stimulated uteri in contrast to the number 
in mature tissues. 

Uterine smooth muscle cells were small in myometria from 
immature ovariectomized rats (Figure 27a). Much larger cells, which 
were similar to cells found in estrogen-stimulated uteri (Figure 24), 
were found in uteri from pregnant rats (Figure 27b). There were no 


or only slight differences in the relative number of light and dark 
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Figure 27. Longitudinal sections of dark cells from ovariec- 
tomized and pregnant rats. Glutaraldehyde immersion. (a) Mus- 
cle cells from immature ovariectomized rat (without estrogen) 
x 8,400. (b) Myometrium from near term pregnant rat. x 8,400. 
Note the difference in size between the cells from the immature 


and mature uterus. 
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cells in these uteri (Table 18, Groups 9 and 10). 


o. In situ Glutaraldehyde Fixation 


Uteri fixed by intra-arterial glutaraldehyde perfusion were 
examined to determine if light cells were a manifestation of immersion 
fixation. 

In sttu fixation of uteri from estrogen-dominated rats re- 
sulted in cells which could only be described as dark cells (Figure 2g). 
All cells had Characteristics, such as membrane vesicles, elliptically 
Shaped mitochondria and cytoplasmic projections, similar to dark cells 
found in tissue fixed by immersion (Table 18, Group 13). This method 
of fixation resulted in better tissue preservation than immersion fix- 
ation, as judged by less chromatic clumping and better detailed mito- 


chondrial and membrane structure. 


6. Effect of Metabolte Inhibition 


Orthodox mitochondrial configuration, swollen endoplasmic 
reticulum and lack of membrane vesicles in light cells suggested that 
there may be underlying metabolic differences between light and dark 
cells. To study metabolic differences, tissues were examined after 
incubation with metabolic inhibitors. 

Tables 19 and 20 show the number of light cells, content of 
ATP, and H20 content in tissues at various times after metabolic in- 
hibition with jodoacetate + dinitrophenol and iodoacetate alone. After 


the recovery period following uterine removal, 96% of the cells were 
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Figure 28. Estrogen-dominated rat myometrium fixed by intra- 
arterial perfusion with glutaraldehyde. The structure of cells 
is similar to dark cells found after immersion fixation. 


xX }2-,000'. 


a 
Pit ee an. 
. ee 


163 


found to be dark cells. Following the decrease in ATP content of in- 
hibited tissues, the population of light cells increased at the ex- 
pense of dark cells. The time differential between ATP ( < 10% of 

the control) and dark cell reduction was approximately 40 minutes with 
IAA + DNP and 80 minutes with IAA alone. There were no changes in 

the number of dark cells in the control paired uterine horns incuba- 
ted in Krebs-Ringer without inhibitors over the same time interval. 
The water content of inhibited tissues increased after the shift from 
dark to light cells. The structure of smooth muscle cells after met- 


abolic injury is shown in Figure 29a. 


7. Effect of Mechanical Injury 


To determine if injury by mechanical means would result in 
light cells, sections were made of the circular layer of the myomet- 
rium adjacent to where the endometrium was removed. 

There were slightly more light cells in the circular muscle 
layer than in the longitudinal layer in whole myometrium (Table 18, 
Groups 2,4, and 5), the stripping procedure resulted in increased num- 
ber of light cells in the adjacent circular muscle (Table 18, Group 8). 
The structure of these mechanically injured cells (Figure 29b) was 


similar to the structure of metabolically inhibited cells (Figure 29a). 
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Figure 29. Effect of chemical and mechanical injury on the 
structure of rat myometrium. Note the lack of membrane ves- 
icles, the mitochondrial appearance and swollen endoplasmic 
reticulum: (a) Muscle cells after ATP depletion with IAA + 
DNP (80 minutes treatment). x 12,000. (b) Circular muscle 
cells on the edge of the tissue near the area of endometrial 


removal. x 12,000. 
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DS Discussion 


The findings can be briefly summarized as follows: Both 
light and dark smooth muscle cells were found in the same myometrial 
preparation following immersion fixation in glutaraldehyde and post- 
fixation in osmium tetroxide. Light cells were distinguished from 
dark cells by differences in nuclear, mitochondrial, endoplasmic re- 
ticular and surface structure. Tissues fixed in vitro after dissec- 
tion and recovery consisted of approximately 96% dark cells and 4% light 
cells. Contraction or relaxation of tissues before fixation previously 
thought responsible for the two types of cells (see below), did not 
change the proportion of light and dark cells. Only dark cells were 
found after zn situ fixation of tissues. After chemical or mechanical 
injury, smooth muscle was composed of light cells. This indicated that 
light cells may be cells which were injured prior to fixation or inad- 


equately fixed during immersion fixation. 


1. Incompatability of Data With Prevtous Theories 


Contractton-relaxation. For over 180 years, investigators 
have described light and dark smooth muscle cells as viewed through 
the light microscope (see McGill, 1909; and Conti et al., 1972 for re- 
view of early work). With the introduction of the electron microscope 
and improved methods of fixation and preparation, the presence of light 
and dark cells in smooth muscle (Gansler, 1961; Conti et al., 1972), 


brain and liver (Ganote and Moses, 1968; Dohrman, 1971) were confirmed. 
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Light cells viewed under the light microscope were the same cells as 
identified under the electron microscope as both observations are de- 
pendent upon cel] density. 

Contraction and relaxation produced by mechanical or chemi- 
cal means was thought responsible for increasing or decreasing the 
density of smooth muscle cells (McGill, 1909; Gansler, 1961; Conti 
Cie Noe). 

Perhaps cells are more or less dense when contracted or re- 
laxed prior to fixation, although no one has yet provided quantitative 
measurements of this. If quantitative comparisons are to be made be- 
tween relaxed and contracted tissues, problems such as the following 
arise: (1) Evaluation of the state of contraction and relaxation of 
tissues before and during fixation must be provided. (2) Standardiz- 
ation of each step in preparation of tissues for the microscope, such 
as section thickness, staining and photography must be made. (3) Es- 
timation of the density of photographs or negatives by other than gross 
subjective means must be included. If contraction does decrease cell- 
ular water, osmotic effects of fixatives on cell water content should 
also be studied. 

In the present study, two types of cells were defined not 
only on grounds of density differences but based on other character- 
istics as well (Table 17). Quantitative estimates were completed by 
counting the number of light and dark cells after various treatments 


(Table 18). 


Contraction or relaxation did not change one population of 
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cells into the other as would be predicted if these conditions were 
responsible for light and dark cells. Evidence that uterine tissues 
were contracted or relaxed was provided by measurements of tissue 
lengths before and during fixation. Furthermore, contracted tissues 
resulted in apparent increase in cross-sectional cell size and greater 
cell distortion. Similar changes in size and shape of intestinal smooth 
muscle cells have been observed after contraction (Lane, 1967). Thus, 
the results from this study are consistent with the observations that 
contraction leads to smooth muscle cell contortion whereas relaxation 
produces more rounded cells (Gansler, 1961; Aita et al., 1968a). How- 
ever, contraction-relaxation cannot account for other structural differ- 


ences between light and dark cells. 


Fixatton artifact. Ganote and Moses (1968) found dark cells 
mainly in the interior of large blocks of liver tissue after immersion 
fixation. Light and intermediate density cells were confined to the 
surface of tissue blocks after conditions thought to lead to poor fix- 
ation. However, the tissues were mechanically minced in the fixative 
which may have injured the surface cells. The absence of light and 
dark cells after in situ fixation of liver indicated that they were 
produced sometime after removal of the tissues from animals. There- 
fore, light and dark cells were attributed to inadequate fixation. 

Light uterine smooth muscle cells were found only after re- 
moval of tissues from animals and immersion in glutaraldehyde in this 
Study as was found for liver tissue. Light smooth muscle cells could 


be cells which were improperly fixed. In this case, one would expect 
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to find the improperly fixed cells on the interior of blocks of tissue. 
However, I found light myometrial cells distributed randomly among 
dark cells as neither type of cell was found concentrated in a part- 
icular area of the block except at the dissected surface. 

The explanation for finding only one type of smooth muscle 
cell after permanganate fixation may be related to the oxidative na- 
ture of this fixative. Permanganate fixation is known to obliterate 
much of the fine structure of the uterus (Bergman, 1968) and that of 
other tissues (Hayat, 1970). Therefore, those structures which dis- 
tinguish light and dark cells in the uterus may be altered or destroyed. 
Decreased extracellular space, the result of cellular swelling, has 
been observed in intestinal smooth muscle fixed in permanganate (Hen- 
derson et aZ., 1971). All cells seen after permanganate fixation may 
correspond to the light cells seen after glutaraldehyde fixation. 

Similarly, only one type of cell was found after osmium tet- 
roxide fixation. Osmium tetroxide could also alter or destroy many 
of the structural features which distinguish light and dark cells seen 


after primary glutaraldehyde fixation. 


Maturity of cells. One might postulate that light cells are 
newly differentiated or immature smooth muscle cells which are more 
easily damaged by handling or more sensitive to the effects of immer- 
sion fixation. An immature or primitive type of cell has been descri- 
bed for vascular smooth muscle (Scott et al., 1967). These primitive 
cells were less electron dense than cells considered to be mature and 
they lacked membrane vesicles. Immature uterine smooth muscle was 


studied in young ovariectomized rats and compared with estrogen-stim- 
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ulated and mature pregnant animals in this investigation. There were 
Signs of maturity in the uteri from estrogen-stimulated and pregnant 
rats as indicated by the increased cell size in comparison with ovari- 
ectomized rat tissue which supports the findings of others (Laguens and 
Lagrutta, 1964; Bergman, 1968). However, dark cells predominated in 
tissues from both immature and mature uteri. The presence of light 
cells was not related to the functional state of the uterus or to the 
Maturity of the cells. Cells described as immature cells in vascular 
smooth muscle (Scott et al., .1967) could correspond to light cells 


found in the uterus. 


dg. Injury as Responstble for Light Cell Production 


Besides differing in electron density, light uterine smooth 
muscle cells varied greatly from the structure of dark cells (see 
Table 15). Gansler (1960, 1961) has reported similar differences for 
uterine and intestinal smooth muscle. Ganote and Moses (1968) have 
also noted differences in light and dark liver cells. These structur- 
al differences suggest that light cells are distinct metabolically from 
dark cells. 

Light cells contained mitochondria which were usually in 
the orthodox configuration as described by Hackenbrock (1966) for is- 
olated mitochondria while condensed forms were found in dark cells. 

If mitochondrial structure can be used as an indicator of cellular ac- 
tivity, then light cells were in a metabolic state different from that 
of dark cells at the time of fixation. 


Light cells also had a swollen nuclear envelope, swollen 
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endoplasmic reticulum and were increased in size as also noted by Aita 
et al. (1968a). These changes may be indicative of cellular swelling. 
Light cells also lacked membrane continuity which suggests the absence 
of membrane integrity and loss of permeability control. Dark cells had 
membrane vesicles whereas light cells had few or none. This may denote 
loss of metabolically dependent mechanisms for controlling cell volume 
(see Chapter 2). Gansler (1961) also found that vesicles were absent 
from light smooth muscle cells. 

After ATP depletion all smooth muscle cells had characteris- 
tics of light cells. Probably light cells seen in tissues after immer- 
Sion fixation did not contain ATP when fixed for electron microscopy. 

Light cells and the structural changes observed in smooth 
muscle after metabolic or mechanical injury are identical to those 
described for toad bladder epithelial cells after similar treatments 
(Saladino et al., 1969; Croker et al... 19/0; Saladino et al.. 19/1). 
These investigators found that treatment of epithelial cells with de- 
tergents or metabolic inhibitors resulted in a sequence of changes 
which eventually lead to cell death. These Changes included swollen 
endoplasmic reticulum and swollen nuclear envelope, orthodox mitochon- 
drial configurations, loss of membrane structure and decreased cell 
density. These characteristics are identical to those of light myo- 
metrial cells described in this study. Furthermore, similar ultra- 
structure was observed in the final stages of cell death after injury 
of various other cells in tissues studied by Trump and Ericsson (1965). 
Therefore, light uterine smooth muscle cells seen after glutaraldehyde 


fixation are probably cells injured or dead at the time of fixation. 
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Permanganate or osmium tetroxide may injure all the cells during fix- 
ation. 

The electron density of smooth muscle cells could be related 
to their degree of hydration as proposed by Somlyo et al. (1971) and 
Dohrman (1970) for liver cells. Somlyo and coworkers found increased 
electron density of some smooth muscle cells after bathing tissues in 
hypertonic solutions. They do not describe any characteristics other 
than electron density. If other differences were not present, they 
were probably dealing with a different phenomenon. However, hypertonic 
treatment would be expected to decrease cellular water content and there- 
by may increase the electron density. Light cells found after hyper- 
tonic treatment could be cells which failed to respond to osmotic 
changes because they have lost their semipermeability. Therefore, 
light cells are probably cells which contained an increased water con- 
tent due to the loss of volume control. There was a close correspon- 
dence between the increased number of light cells and the increased 


water content of tissues following metabolic inhibition noted in this 


Study. Furthermore, cells without vesicles should be unable to 
maintain their volume according to the vesicular hypothesis (see 
Chapter 2). Necrosis of epithelial celjs produced by metabolic 
inhibition with iodoacetic acid resulted in similar density changes 


in the cells accompanied by volume changes (Saladino et ab. O70 )e 


3. Coneluston 


Light uterine smooth muscle cells seen after in vitro 
fixation with glutaraldehyde are believed to be the result of mech- 


anical injury to some cells prior to fixation. The injury probably 
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occurs during removal of the tissue from the animal and subsequent 
handling before immersion in the fixative. Any cell which was 
sufficiently injured may acquire the appearance of a light cell 
from loss of metabolism. The density of the light cells could be 
related to increased water content from loss of metabolically-de- 
pendent mechanisms for controlling cell volume. The light cells 
have no membrane vesicles which are believed to be sites of vol- 


ume control in uterine smooth muscle (see Chapter 2). 
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CHAPTER 5 


REVIEW AND CONCLUSIONS 


A. Objectives 


This chapter will be devoted to a brief recapitulation 


of the previous chapters. 


B. Vesicular Transport by Smooth Muscle 


Evidence has been presented which indicated that two mech- 
anisms control cell volume in smooth muscle of the rat uterus. 
(Daniel and Robinson, 1971a,b,c; Rangachari et aZ., 1972). One 
mechanism was ouabain-sensitive, ATP-dependent and it had other char- 
acteristics of the classical Na*-K*-ATPase found in other tissues 
(see Skou, 1965). The other mechanism, according to the above in- 
vestigators, had the following characteristics: (1) It was ATP- 
dependent. (2) It did not require K in the external solution 
and it was not sensitive to ouabain. (3) It required Cacat (4) 

It had no specificity for Na’. These characteristics were similar 
to those of a mechanochemical system proposed for kidney cells 
(Rorive and Kleinzeller, 1972). In uterine smooth muscle, the 


membrane vesicles were proposed as sites for volume control (Daniel 


and Robinson, 1971c). 
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To test the vesicular transport hypothesis (Chapter 
2), pieces of rat myometrium were incubated jn Krebs-Ringer 
solution with metabolism or transport inhibitors. Tissues from 
the opposite horn were used as the untreated controls. At var- 
ious times, tissues were removed from the incubation solution 
and some pieces analyzed for Na’, ap water and ATP contents; 
other pieces of tissue were fixed and examined in the electron 
microscope. 

Metabolic inhibition with IAA + DNP resulted in a 
rapid decrease in ATP content of tissues. Swelling and loss 
of vesicles, gain in Na’, loss of K” and gain in water followed 
the decrease in ATP content of tissues. The sequence of these 
changes correlated well with the membrane vesicular model. The 
Simultaneous decrease in vesicular number with decrease in ATP 
contents was interpreted as an indication of ATP dependence. 
Na’ release within the vesicles was considered to be responsible 
for vesicle swelling. 

Treatment of tissues with IAA alone or ethacrynic acid 
resulted in effects similar to those obtained with the combined 
use of IAA + DNP. The changes in vesicular number were thought 
to be associated with the reduction in tissue [ATP]. 

Quabain did not change either the ATP content of the 
tissues or the number of vesicles even after prolonged periods 
of incubation. These results indicated the insensitivity of 
the vesicular system to inhibition of Na’-K*-ATPase in fresh 
tissues. 
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The vesicle number was reduced in tissues made Na - 
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rich by overnight incubation in K*-free solutions at 5 C. This 
was believed to be due to the effect of cooling on vesicle form- 
ation and discharge. Rewarming the Na*-rich tissues caused a 
loss of Na” with water and increased the number of vesicles under 
conditions thought to inhibit Na*-K"-ATPase. The vesicle number 
did not increase in Na’-rich tissue rewarmed under conditions of 
maximum Na"-K"-ATPase activity. These results may indicate a 
reciprocal relationship between activity of the vesicular system 
and that of Na’ -K*-ATPase. Ca**was necessary for both the loss 
of Na’ with water and the increase in number of vesicles observed 
upon rewarming of Na’-rich tissues. This evidence may indicate 
the presence of a contractile mechanism associated with vesicle 
formation or discharge. 

The vesicle number was also reduced in tissues made 
K*-rich in Na’-free, K*-enriched solutions in the cold. K’-rich 
tissues lost water and K’ and the vesicle number increased when 
these tissues were rewarmed. This indicated that the vesicular 
system was not specifically stimulated by Na’. 

Thus, there is good correlation between properties of 
the volume pump and properties of membrane vesicles of rat uterine 
smooth muscle. Both systems are: (1) ATP-dependent; (2) insen- 
sitive to ouabain; (3) Ca’ *-dependent; (4) not specific for Na’. 
This evidence supports the membrane vesicles as sites for volume 


control in rat uterine smooth muscle. 


C. Evaluation of the Pyroantimonate Technique 


Potassium pyroantimonate has been used as an electron 
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microscopy tool for the localization of tissue Na’. The tech- 
nique was evaluated (Chapter 3) because of its possible useful- 
ness in localizing Na*-transport sites. 

Fresh, Na’-rich and Na*-poor rat uterine tissues were 
fixed in 0s0, with or without added pyroantimonate; then washed 
and dehydrated as for electron microscopy. At each step the 
tissues and solutions were analyzed spectrophotometrically for 
Na’, eis Ca’, and Mg" (i.e., cations which precipitate with 
pyroantimonate). Pyroantimonate was shown not to interfere with 
these analyses. 

Tissues fixed in the presence of potassium pyroantimon- 
ate contained very little of their original Na* (ca. 10%) but re- 
tained increased K” and much of their Ca’~ and Mg’. “a and 12*Sb- 
pyroantimonate were used to confirm these results. There was no 
correlation between the initial or final Na~ content of tissues 
and either the amount of electron-dense precipitate or the aa 
pyroantimonate content. The distribution of precipitate was a 
function of the fixative used. The pyroantimonate was thought to 
be mainly extracellular in glutaraldehyde-fixed tissue. Fifty 
per cent of the precipitates seen in electron micrographs of 
tissues fixed in OsO, were estimated to be from the added potas- 
Sium pyroantimonate, and form during dehydration due to the in- 
solubility of this compound in dehydrating solutions. Twenty- 
five per cent of the precipitates were thought to be pvroantimon- 


ate associated with cations which remained in the tissues after 


fixation. The remaining twenty-five per cent or more of the 
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precipitates were probably due to the binding of pyroantimon- 
ate to other tissue constituents. There were no, or inconsistent, 
precipitates found associated with the membrane vesicles of smooth 
muscle cells. 

In light of this study, pyroantimonate can not be used 
to demonstrate Na’-transport sites in uterine smooth muscle. 
Furthermore, unless other tissues can be shown to react differently 
to pyroantimonate, the technique should be abandoned and results 


obtained with it should be discarded. 


D. Light and Dark Smooth Muscle Cells. 

Two types of smooth muscle cells (termed light and dark 
cells) were distinguished in the same tissue preparation following 
in vttro fixation in glutaraldehyde. The two types of cells were 
defined and factors which miaht affect their number were studied. 

The light cells accounted for approximately 4% of the 
total celis observed in tissues removed from animals and incubated 
in Krebs-Ringer solution prior to immersion in glutaraldehyde. 
Relaxation, contraction or the hormonal state of the uteri did 
not change the relative number of light to dark cells. Fixation 
in either 0sO, or potassium permanganate resulted in cells with 
characteristics similar to the light cells found after tn vitro 
glutaraldehyde fixation. Only dark cells were found in tissues 
after in sttu fixation with glutaraldehyde. Increased numbers of 
light cells were found after both chemical or mechanical injury. 

Mechanical injury to some cells during removal of the 


tissues from animals, with subsequent loss of ATP and mechanisms 
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for controlling cell volume, was considered responsible for 


producing light cells. 
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Appendix 


The chemicals used in this Study with their abbreviations 


and sources are given below: 


Chemical Abbreviation Source 
Iodoacetate IAA Sigma Chemical Co. 
Dinitrophenol DNP Fisher Scientific Co. 
Ethacrynic Acid EA Merck Sharp and Dohme 
QOuabain Nutritional Biochemical 

Corp. 
Adenosine triphosphate ATP Sigma Chemical Co. 
Sodium pyruvate pyruvate Sigma Chemical Co. 
Sodium arsenate arsenate Fisher Scientific Co. 
Glycine Fisher Scientific Co. 
Sodium Cacodylate BDH Chemicals 
Potassium pyroantimonate pyroantimonate Fisher Scientific Co. 
*2*Sb-pyroantimonate New England Nuclear 
Glutaraldehyde Fisher Scientific Co. 


& Ladd Research Indus. 


Osmium tetroxide OsO, Johnson Matthey Chem- 
1CaNSeuca. 
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Chemical 


Disodium ethylenediamine 
tetraacetate 


Lanthanum nitrate 
Todoacetamide 
Adrenaline 
Oxytocin 

*?Na 

Epon 812 
Diethylstilbesterol 


Luciferase-Luciferin 
enzyme extract 


Abbreviation 


EDTA 


lanthanum 


ITAAmide 


Epon 


Firefly Extract 
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Source 


Fisher Scientific Co. 


Fisher Scientific Co. 
Calibiochem 

Parke, Davis & Co., Ltd. 
Parke, Davis & Co., Ltd. 
Nuclear Science and 
Engineering 
Polysciences, Inc. 


Merck Sharp & Dohme 


Sigma Chemical Co. 
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